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MANDATORY REPORTING CATEGORIES

What are the major goals and objectives of the project?

The purpose of this research is develop and demonstrate improved antennas for multiband 
mobile and portable radios, particularly in vehicular installations. By “multiband” we refer to 
radio systems which are capable of operation over two or more widely-separated bands, and 
potentially over all 5 bands below 1 GHz that are commonly used in public safety applications. 
We seek significant improvement over the existing state of the art not by dramatically modifying 
antennas themselves, but rather through the use of electronically-reconfigurable lengths 
combined with electronic tuners and other devices.  The immediate benefit of the successful 
development of such technology is the reduction of the number of antennas in vehicular 
installations from 1 per 1-3 bands; to potentially 1 for all 5 commonly-used public safety bands 
below 1 GHz, with improved tuning range within each band.  First, we consider the problem of 
how to properly evaluate such antenna systems in situ and in terms of performance metrics most 
applicable to intended users, such as audio quality.  The first technological approach we consider 
is the use of multiplexers designed according to external noise-limited optimization criteria. 
However, the application of that approach is limited to receivers.  In subsequent phases of the 
project we consider methods which applicable to transceivers (i.e., suitable for both reception 
and transmission), including reconfigurable matching networks and antenna lengths, and Non-
Foster matching.

What was accomplished under these goals?

All tasks and deliverables described in the proposal for this work have been completed.

The remainder of this report refers to technical reports that have been produced as part of this  
project.  Such references are in the form (e.g.) “[3]” refering to Technical Report No. 3.  These  
technical reports are listed elsewhere in this report (see the attached printout of the project  
website), and all of these reports are available through the project web site  
(http://www.ece.vt.edu/swe/asmr/). For the convenience of the reader, some of these reports  
(those containing key findings and documentation of deliverable work) have been attached to the  
end of this report.  

Primary accomplishments with associated findings are summarized below:

1.  In [20] we showed that the usable bandwidth of simple monopole-type antennas can be 
dramatically improved through the use of a specially-optimized multiplexer between the antenna 
and receiver.  This  report has also been published as S.M.S. Hasan & S.W. Ellingson, 
“Integration of Simple Antennas to Multiband Receivers using a Novel Multiplexer Design 
Methodology,” IEEE Trans. Antennas & Propagation, Vol. 60, No. 3, March 2012, pp. 1550–6. 
However this approach is limited in that it is applicable only to receive-mode operation, and also 
is limited to frequencies below about 400 MHz.

http://www.ece.vt.edu/swe/asmr/


2.  We developed and tested a “Phase II” antenna system consisting of a single monopole-type 
antenna that was electronically-reconfigurable to have two possible lengths (see [17] for a 
description of the concept), plus an automatic electronic antenna tuner.  This system is not 
subject to the limitations of the VHF-band receive-only system described above.  In [22,24] we 
documented the design of this system and demonstrated satisfactory operation in laboratory 
conditions in the VHF-Low, VHF-High, 220 MHz, UHF, and 800 MHz bands.  In [23,25] we 
evaluated this system side-by-side with selected commercially-available single/double-band 
antennas.  We found the Phase II antenna system has performance which is comparable to or 
better than the commercial reference antenna in testing at 153 MHz and 453 MHz.  However at 
851 MHz, the results were mixed. In [23], we found the performance was approximately the 
same; whereas in [25], we found the Phase II system was on average about 2.5 dB worse in audio 
SNR, which translates to approximately 1 dB worse in RF (“predetection”) SNR. We believe the 
shortfall at 851 MHz was either a poorly-optimized tuning solution, or possibly attributable to 
the 800 MHz-band insertion loss in the directional couplers used in the completed unit.  In either 
case, we believe the performance at 851 MHz could reasonably be improved to a level 
comparable to that observed at 153 MHz and 453 MHz.  We conclude that future antenna 
systems based on our “Phase II” approach could plausibly outperform existing commercial 
antennas in every band commonly used in Public Safety applications below 1000 MHz.. 

3.  In [27] we considered a non-Foster approach to the system design.  We demonstrated through 
simulation and analysis that the most suitable and realistic application for non-Foster technology 
for our antenna system is to eliminate the low-frequency extension of the reconfigurable 
monopole of the Phase II system described above, and to extend the usable instantaneous 
bandwidth to cover the entire VHF-Low (25–50 MHz) band.  We proposed a design for a 23 cm 
high × 5 mm radius monopole that could be usable over the entire 25–50 MHz range, employing 
a non-Foster device described in S.E. Sussman-Fort & R.M. Rudish, “Non-Foster Impedance 
Matching of Electrically-Small Antennas,” IEEE Trans. Ant. & Prop., Vol. 57, No. 8, August 
2009, pp. 2230–41. 

4.  In [28] we constructed and tested a version of the non-Foster matching device described in the 
Susssman-Fort & Rudish (2009) paper cited above.  We were unable to make it work properly. 
We conclude that whereas the system design described in [27] is sound, the non-Foster device 
necessary to implement it may not be practical.  Determining the reasons why our 
implementation was not successful (whereas the Sussman-Fort & Rudish paper reports success) 
requires significant additional effort.

Additional accomplishments with associated findings are summarized below:

5.  In [13] we described a system-level approach to the analysis of antenna systems.  In this 
approach one is able to characterize the antenna in terms of the likely implact on audio 
performance.  This is in contrast to traditional approaches in which antennas are characterized in 
terms of gain and VSWR, which is not directly representative of performance in receive and 
transmit modes of operation.  This report was presented as a paper at the following conference: 
S.W. Ellingson, “Analysis of Antennas as Components of Broadband and Multiband LMR 
Systems,” IEEE 2011 Int'l Symp. on Ant. & Prop., July 6, 2011, Spokane WA. 



6.  We have developed and demonstrated a methodology for in situ field evaluation of LMR 
antenna systems. The key element of this methodology is the use of in-band but subaudible 
“private line” (PL) tones prevalent in land mobile radio signals to obtain a “bottom line” receive 
sensitivity metric for antenna systems in terms of audio signal-to-noise ratio. The methodology is 
documented in [16] with additional theoretical background in [15] and [21].  This is also the 
topic of a Master Thesis by A. Kumar, to be completed in Fall 2012.

7.  In [2], we evaluated 6 commercially-available LMR antennas in field conditions.  The 
antennas included in this study cover frequency bands from VHF-Low through 800 MHz, 
including the Sti-Co Inc. “Interoperable Mobile Antenna” which is designed for use in the VHF-
High, UHF, and 800 MHz public safety bands. 

8.  We developed detailed wire-grid models suitable for analysis of monopole antennas on 
vehicles using the method of moments (in particular, the Numerical Electromagnetics Code 
(NEC)) for frequencies as high as 900 MHz. Models were developed for the Ford Crown Vic- 
toria [14] and the Jeep Cherokee [19]. Documentation of the models and the associated software 
are available via the project web site. 

9.  In [4] and [11] we provide detailed documention of our “Phase I” prototype, which was the 
precursor to (and superceded by) the successful Phase II prototype described in item 2 above. 
These reports also provide extensive analysis and simulation results supporting the notion that 
simple monopole-type antennas, suitably modified, can perform well over multiple bands.  

What opportunities for training and professional development has the project provided?

This project has engaged a staff engineer (Nealy), two post-doctoral associates (Harun and 
Hasan), three graduate students (Kumar, Venkataramani, and Williams), and two undergraduate 
students (Schmitt and Tillman).  See “Participants & Other Collaborating Organizations” (below) 
for additional details.  In addition to authorship of many of the project technical reports, one 
M.S. thesis resulted from this work.

How have the results been disseminated to communities of interest?

The project website (http://www.ece.vt.edu/swe/asmr/) contains all technical reports produced 
throughout the project.  There has also been one journal publication [20] and one conference 
presentation [13].  See “Products”, below.

What do you plan to do during the next reporting period to accomplish the goals and 
objectives?

This is the final report.  No additional reportable activity is planned.



OPTIONAL REPORTING CATEGORIES

Products:  What has the project produced?

Hardware:  This project has resulted in the development of 3 prototype antenna systems.  These 
are referred to as the “Phase I,” “Phase II,” and “Non-Foster” systems, respectively.

Publications in Peer-Reviewed Journals: One journal has been published during this reporting 
period:  S.M. Shajedul Hasan & S.W. Ellingson, “Integration of Simple Antennas to Multiband 
Receivers using a Novel Multiplexer Design Methodology,” IEEE Trans. Antennas & 
Propagation, Vol. 60, No. 3, March 2012, pp. 1550-6.  This is known as [20] among the project 
technical reports and is attached to the end of this report. 

Conference Presentations:  One conference presentation (with associated paper) has been given: 
S.W. Ellingson, “Analysis of Antennas as Components of Broadband and Multiband LMR 
Systems,” IEEE 2011 Int'l Symp. on Ant. & Prop., July 6, 2011, Spokane WA.  The associated 
paper is known as [13] among the project technical reports and is attached to the end of this 
report. 

Project Technical Reports:  These reports are available through the project website, 
http://www.ece.vt.edu/swe/asmr/.  (Some of these reports have also been attached to the end of 
this report.)  See the printout of the project website, attached to the end of this report, for a 
complete list of the reports.

Participants & Other Collaborating Organizations:  Who has been involved?

S.W. Ellingson Principal Investigator
M. Manteghi Faculty Collaborator 
M. Harun Post-Doctoral Associate
S.M.S. Hasan Post-Doctoral Associate 
R. Nealy Staff Engineer
A. Kumar M.S. Student (Electrical Engineering major)
K. Venkataramani  M.S. Student (Electrical Engineering major)
D. Williams M.S. Student (Electrical Engineering major)
R. Tillman B.S. Student
A. Schmitt B.S. Student

No other organizations outside Virginia Tech have been involved in the project.

Impact:  What is the impact of the project?  How has it contributed?

If implemented, the impact of this research will be improvement in the performance of vehicular 
antenna systems, and reduction in number of antennas required to support interoperability across 

http://www.ece.vt.edu/swe/asmr/


many (possibly all) bands of interest below 1000 MHz.  Since this project was applied research, 
it is too early to ascertain what impact this project has had, or may ultimately have.  We judge 
that the ideas explored in this research have not previously received much consideration within 
the Public Safety technology community, and speculate that our results might provide some 
inspiration to follow up this work with development that could lead to products. We have 
attempted to make this as likely as possible through our release of detailed reports on a freely-
available basis via the project website.

Changes/Problems:  Are changes in approach necessary? What are the reasons for the 
change? What are the significant impacts of the change?  Are there anticipated problems? 
Please also list any change of scope or change of project period GANs submitted during the  
reporting period.

This is the final report.  All deliverables and tasks have been completed, and no additional 
reportable activity is expected.  No changes in approach are necessary.  There have been no 
changes of scope or changes or project period GANs submitted.

Special Reporting Requirements:  Are there any special reporting requirements specified 
in the award terms and conditions, as well as any award specific reporting requirements?  

Special conditions regarding publications, presentations, and press releases:  We report the 
following: 

• S.M. Shajedul Hasan & S.W. Ellingson, “Integration of Simple Antennas to Multiband 
Receivers using a Novel Multiplexer Design Methodology,” IEEE Trans. Antennas & 
Propagation, Vol. 60, No. 3, March 2012, pp. 1550-6.   (This publication is also available 
as [20], and is provided also as an attachment.

• S.W. Ellingson, “Analysis of Antennas as Components of Broadband and Multiband 
LMR Systems,” IEEE 2011 Int'l Symp. on Ant. & Prop., July 6, 2011, Spokane WA. 
(This publication is also available as [13], and is provided also as an attachment.

ATTACHMENTS:
• Print-out of project website, listing all project technical reports.
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I. Introduction 

Multiband antennas are needed for portable radios. More specifically, the VHF and UHF 
antennas for safety applications are of particular interest in this work. These antennas operate in 
a dynamic environment in the presence of a limited size ground plane and possibly other 
antennas. The ground plane usually is the metallic body of cars, not considered a large ground 
plane at low VHF frequency bands. These constraints make the antenna characterization more 
sophisticated.  

This report concentrates on the measurement of single-band and multi-band antennas for portable 
mobile applications. The Sti-Co Antenna “Interoperable Mobile Antenna” is simulated using 
Feko and the antenna characteristics are studied using these simulation results. A measurement 
setup is utilized to measure several Laird antennas in addition to the Sti-Co antenna. This 
measurement setup is calibrated with a pair of monopoles to measure the gain of the test 
antennas. 

Section II is dedicated to simulation and analysis of the Sti-Co antenna. The measurement setup 
and measured data are presented in Section III.  
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II. Sti-Co Antenna “Interoperable Mobile Antenna” 

The Sti-Co, Inc. “Interoperable Mobile Antenna” (Model No. MGNT-TB-V-U-C) is a multiband 
antenna intended for use in the public safety VHF (150-174 MHz), UHF (406-512 MHz), and 
800 MHz (806-896 MHz) bands. A summary of the characteristics of this antenna provided by 
the vendor appear in Table 1. This antenna is proposed to be a solution to operating on multiple 
frequency bands without installing multiple antennas. 

 Tri-band for VHF, UHF, and 700/800 MHz 
 Eliminates multiple antennas 
 Simplifies cabling 
 Compatible with interoperable gateway systems 
 Reduces intermodulation issues 
 Single port for 700 and 800 MHz radio 
 Optional black storm case 

Specifications    

Frequency range (MHz) 150 - 174 406 - 512 806 - 896 
Bandwidth (MHz) 24 106 90 
SWR <2:1 
Power Range (Watts) 150 150 35 
Gain Unity 
Pattern Omni Directional 
Insertion Loss (dB) 1.5 
Isolation (dB) 35 
Maximum Height (Inches) 19.5 
Finish Black 
Weight (Pounds) 1.6 
Mast Appearance Center Mast with Extensions 
Mounting Style Magnet Mount 
Feedline (from antenna) 17’ Low loss cable 
Feedlines (to radios) 3’ Low loss Cable 
Connectors with Kits (3) PL259, Mini-UHF, BNC, TNC, SMA, N 

Table 1 Antenna specifications 

This antenna has been simulated by FEKO utilizing a model created from the measured 
dimensions (Figure 1). The outer body material is aluminum and the center shaft (brass) is 
located inside the antenna body. The only difference between our model and the antenna 
structure is the connection between the center shaft and the main monopole. We have used the 
same material for both (center shaft and the main monopole), and we have connected them 
electrically which might not be the case in the real antenna structure. The simulated return loss is 
compared with the measured return loss in the Figure 2. The simulation results deviate from the 
measured above the 300 MHz frequency range.  
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Figure 1 Antenna’s model used for the full-wave simulation (FEKO). The antenna is located above an infinite 
PEC ground plane. These figures show the detail of the model. 
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Figure 2 Simulated and measured return loss of the Sti-Co MGNT-TB-V-U-C antenna. 
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There are several reasons for this deviation. The coaxial cable loss is not included in the 
simulation results. The round-trip cable loss in the measured return loss is approximately a linear 
function of frequency. The unknown connection between the central shaft and the main 
monopole can also be considered as a reason of this deviation. 

The radiation pattern of the antenna is computed at different frequencies and they are shown in 
the Figures 3, 4, and 5. 

VHF Band (150MHz – 174 MHz) 

 

Figure 3 Radiation Pattern of the antenna at 160MHz 

UHF Band (406MHz - 512MHz) 

 

Figure 4 Radiation Pattern of the antenna at 460MHz. 
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UHF Band (806MHz – 892MHz) 

 

Figure 5 Radiation Pattern of the antenna at 850MHz. 
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Figure 6 Antenna’s gains at three different frequencies. It seems that the higher order mode is excited around 
400MHz, and the effects of this mode become bold at higher frequencies. 

The computed far-field patterns of the antenna are presented in the Figure 6. The antenna 
operates at its fundamental radiating mode (monopole mode) at lower frequencies. The higher 
order mode starts to become excited around 300MHz. The magnitudes of the higher order modes 
become comparable to the fundamental mode at different frequency bands (Figure 7). 
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Figure 7  Variation of the Sti-Co antenna’s gain at θ = π / 2 ver. frequency. 

This figure shows the computed Sti-Co antenna’s gain at θ = π / 2 versus frequency. This antenna 
has a gain of 5dBi or more at the frequency bands of interest. The antenna’s gain has a maximum 
of 8.5dB at 550MHz and a minimum of -9.5dB at 500MHz. the measured data which will be 
presented later will show the same maximum and a minimum at 550MHz and 500MHz, 
respectively. 
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III. Far-field Measurements 

The gain of the Sti-Co antenna at θ = π / 2 is compared with several Laird antennas and a simple 
monopole antenna as a reference. The specifications of the Laird antennas are summarized in the 
Table 2. 

Model # CW42 CW1503 C150450C B2003S B8065C 

Product 
Description 

42 - 48 Unity 
Base Load 

Ant 

150 - 162 
Wide Band 

Antenna 

150/450 MHz 
dual band ant 

220 - 225 
MHz Antenna 

806 - 896 5dB 
Chrome 
Closed 

Frequency 
(MHz) 

42 - 48 150 - 162 
150 - 160 
450 - 470 

220 - 225 806 - 866 

Product 
Narrative 

Wideband 
base-loaded 
quarter wave 

antenna 
provides max. 

2:1 VSWR 
across band 

without 
trimming the 
whip. Internal 
and external 
contacts are 
gold plated 

for best 
conductivity. 

Base loaded 
antenna with 
spring for use 

in rugged 
environments. 

Chrome 
plated brass 

base and 
fittings 

Dual band 
antennas 

covering the 
150/450 
bands. 

Features 2 dB 
gains on VHF 

and 5dB on 
UHF. Use 
with a dual 

band radio or 
two separate 

radios 

5/8 Wave 
Rugged 

Spring Base 
Antenna 

5 dB gain low 
profile 5/8 

over 5/8 wave 
design. Load 
coil features 
heavy duty 

chrome 
plating and 

gold contacts 
for best power 

transfer. 

Usable 
Bandwidth 

6 MHz 12 MHz 
10 MHz, 
20 MHz 

5 MHz 60 MHz 

Gain (dB) Unity 3 2&5 3 5 
Maximum 

Power (Watts) 
200 200 200 200 200 

Whip Length 64" 48.5" 35" 33" 19" 

Whip Material 
17-7ph 
tapered 

stainless steel 

17-7ph 
tapered 

stainless steel 

17-7PH 
Stainless steel 

17-7ph 
tapered 

stainless steel 
Stainless steel 

Table 2 Specifications of the Laird antennas from http://www.theantennafarm.com/catalog. 

A. Measurement Setup 
Several measurement setups have been utilized to ensure the validity of the measured data. The 
final measurement was performed inside a basketball court for the frequencies below 800MHz 
and an anechoic chamber is used for the 806-866 MHz frequency band. The spacing between the 
antennas in the basketball court was 154 inches. The surface of the ground was covered with an 
aluminum sheet. 
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Figure 8 Measurement setup including transmit antenna, transmit cable, receive antenna, receive cable, and 
the network analyzer. 

As a reference one can compute the s12 of two monopoles with the given spacing using Friis 
equation as: 
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For the ideal case, one can assume that both monopoles are at their resonant lengths for the entire 
frequency of operations. Furthermore, there are no mismatch or cable losses associated with this 
computation (Figure 9). 

The parameters of interest are return-loss (s11) and directivity. The return-loss is measured using 
R&S®FSH3 Handheld Spectrum Analyzer including R&S®FSH-Z2 VSWR Bridge and Power 
Divider. Since the cable is attached to all the antennas the measured return losses include twice 
of the cable losses (due to the round trip of the return loss measurement). The cable loss may 
become significant at higher frequencies.  

There are various techniques to measure the absolute gain of an antenna, the most popular being 
the three antenna calibration method. The calibration technique which is used in this work 
employs two identical monopoles to measure the path loss as it is shown in Figure 8. The 
measured s12 is recorded and one of the monopoles (let say RX monopole) is replaced by the 
antennas under test (AUT’s). Then the s12 is measured for all the AUT’s one by one and the 
measured s12 is recorded. The normalized gain is computed by subtracting the s12 of the 
monopole-monopole test (the reference measurement) from the s12 measured for each single 
AUT. This way the effect of the TX monopole, TX antenna cable, tracking generator output 
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power and the path loss is removed from the measured data. The residue is the gain difference 
between the RX monopole and the RX cable with the AUT and the AUT cable. If we neglect the 
difference between the cable losses, the normalized value is the gain of the AUT in comparison 
to the monopole antenna.  
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Figure 9  Ideal s12 of two monopoles, 3.91m away from each other, without any cable or mismatch losses. It is 
assumed that the monopole is at its resonant length in the entire frequency of operation. 
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B. Measured Data 
The Laird CW42 is measured at the frequency range between 25MHz to 50MHz. The s11 and s12 
of CW42 and two simple monopole antennas are presented in the Figure 10 and Figure 11, 
respectively. The measured s12 of the CW42 is 5dB lower than the reference monopole antenna. 
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Figure 10 Measured return loss (s11) in dB. The monopole antennas are tuned at 50MHz. 
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Figure 11 Measured transmission loss (s12) in dB. The monopole antennas are tuned at 50MHz. 

The next frequency range is 138MHz – 173MHz. Figure 12 represents the return loss (s11) of sti-
co antenna and Laird antennas. The measured s12 is shown in the Figure 13. To show the relative 
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gain of Sti-Co antenna, the measured s12 for the reference antenna (resonant monopole at 
155MHz) is subtracted from the s12 of the C150_450C and CW1503 and the results are 
represented in the Figure 4 
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Figure 12  Measured return loss (s11) in dB. The monopole antennas are tuned at 155MHz. 
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Figure 13  Measured transmission loss (s12) in dB. The monopole antennas are tuned at 155MHz. 
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Figure 14  The relative gain of three antennas to the reference antenna (resonant monopole at 155MHz). 
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Figure 15  Measured return loss of different antennas in the 210MHz - 230MHz frequency band. 
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Figure 16  Measured s12 for different antennas in the 210-230MHz frequency range. 

 

Figure 17  Normalized gain of three antennas to the reference antenna (resonant monopole at 220MHz). 

Figure 15,Figure 16, and Figure 17 present measured s11, s12, and normalized s12 with respect to 
the monopole antenna in the 210MHz – 230MHz frequency band. 
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Figure 18  Measured return loss of different antennas in the 406MHz - 512MHz frequency band. 
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Figure 19  Measured s12 for different antennas in the 406-512MHz frequency range. 
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Figure 20  Normalized gain of two antennas in the 406MHz – 512MHz. The gains are normalized to the gain 
of a resonant monopole. 

Figure 15,Figure 16, and 20 present measured s11, s12, and normalized s12 with respect to the 
monopole antenna in the 400MHz – 512MHz frequency band. 
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Figure 21  Measured return loss of different antennas in the 500MHz - 1000MHz frequency band. 
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Figure 22  Measured s12 for different antennas in the 500MHz-1000MHz frequency range. 

 

Figure 23  Normalized gain of two antennas in the 500MHz – 1000MHz. The gains are normalized to the gain 
of a resonant monopole. 

Figure 15,Figure 16, and 23 present measured s11, s12, and normalized s12 with respect to the 
monopole antenna in the 500MHz – 1000MHz frequency band. 
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1 Introduction

This report documents a candidate design for a multiband land mobile radio (LMR) antenna system.
This is the first design attempt made under our project “Antenna Systems for Multiband Mobile &
Portable Radio” [1]. The antenna system is intended for use in multiband vehicle-mounted push-
to-talk systems, such as those commonly employed in public safety organizations. In this phase of
the project, our intent is to test the limits of what is possible using only the simplest conventional
antenna (here, a roof- or trunk-mounted monopole) with a rudimentary antenna tuner.

Figure 1 shows a block diagram of the system. It consists of a simple ground-plane monopole,
an automatic electronic tuner, cable sufficient to connect the system to an existing transceiver, and
(optionally) a multiplexer allowing multiple transceivers to share the antenna system. The goal of
this system is to provide reasonable receive performance in the VHF-High (138–174 MHz), 220 MHz,
UHF (406–512 MHz), and 764–862 MHz bands simultaneously; and reasonable transmit performance
in any one of these bands at a time. Although a goal of our project is to also support the VHF-Low
(25–50 MHz) band, this is not achieved in this design.

Figure 1: Block diagram of the candidate antenna system.

The design strategy and resulting design details are described in Sections 2 and 3, respectively. In
Section 4 we present the theoretical performance of this design, determined using the methodology
and metrics that we developed in our previous report [2].

We conclude that this candidate design represents a step in the right direction, but falls short
of the performance of existing commonly-used single-band antenna systems in some areas. Many
possible improvements are noted and will be the focus of future work.

2 Design Strategy

The starting point for this design was the requirement that the antenna itself be simple and sim-
ilar in form to existing single-band antennas used in this application; i.e., monopoles. Given this
constraint, we chose a monopole that would perform well in a traditional mode of operation in the
center of the highest desired frequency band, around 800 MHz. It is well-known that monopoles
with lengths λ/4 and 5λ/8 are good choices. A 5λ/8 design is the better choice in this case, for two
reasons: (1) 800 MHz monopoles are already physically small, so there is not much to be gained by
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trying to reduce antenna size for operation in this band, and (2) the extra length will make design
for lower frequencies easier. The design considered here is 23.5 cm long, and has not been optimized.

The only other antenna parameter to consider given the “mechanically simple” design constraint
is diameter. It is well-known that impedance bandwidth increases with increasing diameter; on the
other hand, weight, wind loading, and overall ruggedness are important practical considerations.
We arbitrarily chose a diameter of 10 mm, as this is very close to a standard size for stock metallic
rod, and seems reasonable to us from the perspective of the cited practical considerations. The rod
can be hollow.

To proceed, it is necessary to know the self-impedance (ZA) and effective length (le) of the
monopole in situ; that is, as it is installed. In this report, we use the same theoretical model for the
antenna impedance that was used in [2]. This model assumes an infinite ground plane, whereas in
vehicular installations the closest distances from the antenna to the edge of the horizontal surface on
which the antenna is mounted will be in the range 0.5λ – 3λ, where λ is the free-space wavelength.
At the low end of this range, the infinite ground plane approximation is only marginally valid, so
follow-up of the results of this report using measurements and/or more-accurate models will be im-
portant.1 In this report, we use the same theoretical model for the effective length that was used in
[2].

Again using the analysis methodology described in [2], we estimated the performance of an
antenna system consisting of the monopole described above, followed by 5.18 m (17 ft) of RG-58
coaxial cable, connected to a transceiver. The conditions for this analysis are the same as were used
in [2], and are repeated below for convenience:

• The co-polarized incident electric field magnitude E was set to 7.2 µV/m, and held constant
with frequency. (As shown in [2], this signal level results in reasonable S/N at the transceiver
input when the antenna is a thin 453 MHz-resonant quarter-wavelength monopole.)

• The lower-bound (celestial noise-limited) environmental noise model described in [2] is used.

• RG-58 coaxial cable is modeled exactly as described in [2].

• The assumed ambient physical temperature is Tp = 293 K.

• As proposed in [2], the assumed input-referred noise power spectral density of the transceiver’s
receiver is 4.5 × 10−20 W/Hz, corresponding to the TIA-603-specified sensitivity.

• The transceiver is assumed to be operating in an analog FM mode with bandwidth B =
12.5 kHz. Under the conditions specified above, S/N greater than about 6.5 dB is sufficient
to meet the TIA-603-specified receive audio quality specification.

The predicted S/N at the transceiver input for our simple monopole–cable–transceiver system is
shown in Figure 2.2 With respect to the bare-minimum acceptable S/N of about 6.5 dB, we see
that the performance is already reasonable over the ranges 138–493 MHz and from 731 MHz to
greater than 900 MHz. If the criterion is increased to allow an additional 6 dB margin, the useful
bandwidth is reduced to 215–378 MHz, which of our bands of interest includes only the 220 MHz
band.

To better understand how this level of performance compares to conventional antennas, we
calculated the performance for a variety of thin (2 mm diameter) ideal quarter-wavelength monopoles
(QWMs) under the same conditions. The results are shown in Figure 3. In each case, the length of

1This is one of the topics to be addressed in Project Report 3. As will be reported there, measurements indicate
the accuracy of the simple theoretical model is probably sufficient for design purposes.

2It should be noted that, as in [2], the noise is strongly dominated by the transceiver’s self-noise. However, we
assume that improvement of the transceiver’s noise figure – for example, by using an additional low-noise amplifier –
is not an option.
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Figure 2: Receive S/N at transceiver input for the candidate monopole, with no tuning.
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Figure 3: Receive S/N at transceiver input. Same as Figure 2, but now showing also the performance
of various ideal quarter-wavelength monopoles (QWM’s) for comparison.

the QWMs are set to achieve resonance at the indicated frequency. Note that the thin band-specific
QWMs outperform the candidate monopole in each band except in the 700/800 MHz band, where
the candidate monopole is working as a conventional 5λ/8 monopole. From this we conclude that
although the receive performance of the candidate monopole might be acceptable with respect to
industry specifications, the performance is not as good as that achieved using commonly-available
band-specific antennas. However, it will be shown in Section 4 that the tuning used to implement
transmit-mode operation will greatly improve the receive S/N situation as well. Thus for this
monopole there will be a significant tradeoff that can be made between the sensitivity that can be
achieved in any one band (using tuning), versus the number of bands over which a reduced but
useful level of sensitivity is possible (that is, without tuning).

As discussed in [2], a primary concern for transmit-mode operation is VSWR seen by the
transceiver. Figure 4 shows the VSWR for the antenna system employing the candidate monopole.
Note that in our bands of interest, 2:1 or better VSWR is achieved only above about 823 MHz.
Thus, some form of antenna tuning will be usually required for transmit.

Based on these findings, we conclude that an antenna tuner is required. Because the necessary
tuning will vary from band to band, and because the tuning is essential for transmit-mode operation,
the tuner must (1) be able to determine when the transceiver is transmitting, and in what band;
and (2) configure the tuner appropriately. This is accommodated in the design described in the next
section.

6



1

2

3

4

5

6

100 200 300 400 500 600 700 800 900

V
S

W
R

Frequency [MHz]

Design / No Stubs
851 MHz QWM

Figure 4: Transmit VSWR seen by transceiver for the candidate monopole with no tuning. The
result for an ideal 851 MHz-resonant QWM is shown for comparison.
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Finally, we consider the issue that in many cases, multiband installations are implemented using
multiple single-band transceivers, as opposed to a single multiband transceiver. When multiple
transceivers are employed, it is necessary to divide the output of the antenna-tuner-cable system.
One possible choice for doing this is to use a traditional power divider. This however has the
severe drawback that the insertion loss is greater than 3 dB for two-way dividing, 6 dB for 4-way
dividing, and so on. An approach which does not suffer this drawback is to use a multiplexer, as
proposed in previous work [3]. In the receive direction, a multiplexer divides its input according to
frequency range, so that nominally all the power associated with a specified frequency band goes to a
single output. In this application, a multiplexer will have the additional advantage of increasing the
transmit-to-receive isolation between transceivers. Because the design of the multiplexer required in
this candidate design is elementary and relatively low risk, it is left for a future task.

3 Candidate Design

The remaining problem is to design a suitable antenna tuner. A block diagram is as shown in
Figure 5. In this approach, we use switchable shunt reactances located along the transmission line.
When disconnected by the switch, the shunt reactances have no effect; therefore in principle any
number of shunt reactances can be employed. In practice, we would like to constrain the shunt
positions to a limited range over a section of the coaxial cable close to the antenna, so that they
may be conveniently contained within a compact enclosure.

Figure 5: Block diagram of the antenna tuner.

The shunt reactances can in principle be implemented as discrete capacitors; however in practice
this is becomes difficult at frequencies in the VHF-High band and above due to the small values
required. A scheme which is practical over the entire range of interest is to implement each shunt
reactance as a open-circuited section of transmission line; i.e., a “stub”. The stubs can be imple-
mented literally using the same (e.g., RG-58) cable used in the primary transmission line; or, more
conveniently, using microstrip lines on a printed circuit board. For the lower-frequency stubs it may
be desirable to combine techniques; specifically, to divide the reactance between cable or microstrip
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line and a discrete capacitor, so as to minimize the space required.

In the specific design considered here, we use one stub to accommodate one nominal frequency
in each of the four bands of interest. The design is summarized in Table 1. The frequencies were
chosen arbitrarily, but correspond to frequencies sometimes used by public safety organizations. As
noted above, there is no specific reason that the design must be limited to four nominal frequencies
or four stubs; we do this only to limit the scope of the study and to quantify what is possible
with the simplest possible system. Similarly, tuning schemes that could be expected to have broader
bandwidth (e.g., using multiple stubs per nominal frequency, or varying the impedance of the primary
transmission line) are also possible, but are not considered here for the same reasons.

Distance from Length of equivalent
Nom. Freq. antenna term. Shunt C open-circuited stub

851 MHz 29.1 cm 5.1 pF 3.5 cm
453 MHz 36.3 cm 18.6 pF 8.4 cm
221 MHz 18.5 cm 48.8 pF 18.3 cm
153 MHz 29.4 cm 174.6 pF 29.9 cm

Table 1: Tuning stubs selected for demonstration of the candidate design. The transmission lines
assumed in columns 2 and 4 are assumed to have the same characteristics as RG-58 coaxial cable.

The switches which connect/disconnect the stubs are controlled by a simple circuit, and does not
require a programmable device or processor of any sort. The scheme is as follows: A minute fraction
of the power flowing from the transceiver(s) to the antenna is diverted using a coupler. The coupler
output is input to a multiplexer with channels corresponding one-to-one to the bands of interest.
The power of the output of each multiplexer channel is sensed. When the power associated with a
channel exceeds a threshold, it is determined that transmission on the corresponding frequency band
is starting, and the appropriate stub is switched into the primary transmission line. The technology
to do this commonplace and simple; thus a specific design to accommodate this is left as the topic
of future work.

It should be noted that the tuner will require power to operate the transmit sensing and switching
circuit. Although it would certainly be an option to apply DC power directly to the tuner, this is not
attractive from an installation perspective. However, two alternative approaches are possible. The
first alternative approach is to send DC power transmitted from the vicinity of the transceiver(s) to
the tuner over the same cable used for RF, using a “bias tee” circuit consisting of a single discrete
inductor and a single discrete capacitor on each end. The second alternative approach is to use a
small fraction of the transmit RF power to charge a battery in the antenna tuner, which in turn is
used to power the transmit sensing and switching circuit.

Finally, it should be noted that a far more sophisticated tuner is technically possible. In military
applications, for example, it is common for an electronic tuner to be used not only to sense transmis-
sion and select tunings appropriately, but also to adaptively determine the best tuning solution [4].3

This has a particular advantage when the antenna installation is such that the antenna impedance
may have an unexpected value. This more sophisticated form of tuning is certainly not precluded
in the current work; however, it is desired to determine first what can be achieved with the simplest
(lowest-cost, perhaps most reliable) possible system.

3Although this reference pertains primarily to HF (3–30 MHz) systems, the principles and techniques are very
similar for VHF and higher-frequency bands.
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4 Performance of Candidate Design

We now consider the performance of the candidate antenna system design with four tuning stubs, as
described in the previous section. The “untuned” receive S/N performance has already been shown
in Figure 2 (and 3), and discussed in Section 2. We now consider the performance as each stub is
activated.

851 MHz Stub Activated: Although it did not appear to be strictly necessary from the anal-
ysis of the Section 2 (for the no-tune case), a stub was implemented for 851 MHz in order to assess
the potential for improvement. The results are shown in Figures 6–8. Note that the stub does not
significantly change the frequency range for 2:1 VSWR below 862 MHz, but it does significantly
improve the VSWR achieved in this range. Similarly, we see a 1.3 dB improvement in ǫTA, putting
it within 0.3 dB of the the 851 MHz QWM. Figure 8 shows that, should we choose to use this stub
in receive mode, the improvement in receive S/N is 1.2 dB at the nominal frequency; however the
performance is degraded in the lower portion of this band as well as over all of the UHF band.

453 MHz Stub Activated: The results are shown in Figures 9–11. Note that the stub works
as expected, producing 2:1 or better VSWR in 441–462 MHz. Similarly, we see a 4 dB improvement
in ǫTA; however this remains 4.6 dB below the 453 MHz QWM. Figure 8 shows that, should we
choose to use this stub in receive mode, the improvement in receive S/N is 4 dB at the nominal
frequency, making it superior to the QWM over a 12 MHz bandwidth. Interestingly, this stub also
significantly improves receive S/N over the entire VHF-High band.

221 MHz Stub Activated: The results are shown in Figures 12–14. Once again the stub works
as expected, producing 2:1 or better VSWR in 215–226 MHz. We also see an order-of-magnitude
improvement in ǫT and ǫTA, however ǫTA is still very low. The large difference between ǫT and ǫTA

indicates that the horizon-directed pattern gain (DH) is very low. Since it does not really make
sense that the directive gain of an electrically-small antenna should be able to vary sufficiently to
cause this, the more likely explanation is that the method compute DH is becoming invalid as the
antenna enters the extremely electrically-small regime (its length is just 0.17λ at this frequency);
certainly the infinite ground plane approximation is expected to begin affecting the results. Future
work will be invested in sorting this out; most likely an improved method for estimating the antenna
equivalent currents is required. If we make the comparison on the basis of ǫT as opposed to ǫTA,
and assuming DH ∼ 5 dB for the QWM, the performance of the tuned candidate monopole and the
221 MHz QWM is about the same; so the transmit efficiency is probably OK in this case. Figure 14
shows that, should we choose to use this stub in receive mode, the improvement in receive S/N is
about 6 dB at the nominal frequency, making it comparable to the 221 MHz QWM over the 2 MHz
range of interest in this band.

153 MHz Stub Activated: The results are shown in Figures 15–17. Once again the stub
works as expected, producing 2:1 or better VSWR in a 2 MHz bandwidth. The situation with ǫT

and ǫTA is the same as it was in the 221 MHz stub case; see discussion above. Figure 17 shows that,
should we choose to use this stub in receive mode, the improvement in receive S/N is about 12.5 dB
at the nominal frequency, bringing it to within 2 dB of the 153 MHz QWM. The improvement is
limited to only a part of the VHF-High band, however.
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Figure 6: Candidate monopole with the 851 MHz stub set: Transmit VSWR seen by transceiver.
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Figure 7: Candidate monopole with the 851 MHz stub set: Horizon EIRP relative to power available
from transceiver into a reflectionless matched load.
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Figure 8: Candidate monopole with the 851 MHz stub set: Receive S/N at transceiver input.
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Figure 9: Candidate monopole with the 453 MHz stub set: Transmit VSWR seen by transceiver.
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Figure 10: Candidate monopole with the 453 MHz stub set: Horizon EIRP relative to power available
from transceiver into a reflectionless matched load.
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Figure 11: Candidate monopole with the 453 MHz stub set: Receive S/N at transceiver input.
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Figure 12: Candidate monopole with the 221 MHz stub set: Transmit VSWR seen by transceiver.
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Figure 13: Candidate monopole with the 221 MHz stub set: Transmit power efficiency (ǫT ). Note
that ǫTA (the horizon EIRP relative to power available from transceiver into a reflectionless matched
load, shown in previous figures) peaks below the bottom edge of the plot. ǫTA is shown for the
comparison cases.
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Figure 14: Candidate monopole with the 221 MHz stub set: Receive S/N at transceiver input.
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Figure 15: Candidate monopole with the 153 MHz stub set: Transmit VSWR seen by transceiver.
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Figure 16: Candidate monopole with the 153 MHz stub set: Transmit power efficiency (ǫT ). Note
that ǫTA (the horizon EIRP relative to power available from transceiver into a reflectionless matched
load, shown in previous figures) peaks below the bottom edge of the plot. ǫTA is shown for the
comparison cases.
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Figure 17: Candidate monopole with the 153 MHz stub set: Receive S/N at transceiver input.
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Abstract—This paper describes a method for evaluating the
performance of antennas for land mobile radio (LMR) in terms of
“bottom line” system performance metrics including sensitivity,
VSWR, and transmit efficiency. The method accounts for relevant
characteristics of the transceiver and the noise environment.
The antenna-transceiver interface is modeled in terms of two-
port 𝒔-parameters, facilitating evaluation of reconfigurable and
non-Foster matching circuits. As an example, the method is
applied to a simple system consisting of an ideal thin quarter-
wave (at 453 MHz) monopole, 17 ft of RG-58 coaxial cable,
and a TIA-603-compliant analog FM transceiver. Among other
findings, this example demonstrates that that the useful transmit
and receive bandwidths are not necessarily equal, and that the
useful receive bandwidth is limited not only by the antenna’s
impedance bandwidth, but also by receiver’s noise figure, and
possibly also by environmental noise. Such insights are useful in
the development and optimization of antenna technology intended
for use with existing LMR systems.

I. INTRODUCTION

“Land mobile radio” (LMR) refers to half-duplex wire-
less communications, typically in the frequency range 25–
1000 MHz, in which at least one end of the link (a “station”)
is mobile; typically a handheld or vehicle-mounted transceiver.
Each station can be viewed as consisting of (1) an antenna; (2)
a transceiver, consisting of a transmitter and a receiver; and
(3) an interface, consisting of cable and perhaps other devices,
connecting the antenna to the transceiver. When receiving,
the primary performance consideration is sensitivity; i.e., the
signal-to-noise ratio realized as a function of available signal
power. When transmitting, the primary performance consider-
ations are efficiency; i.e., the fraction of power available from
the transceiver that is successfully radiated by the antenna; and
voltage standing wave ratio (VSWR), a measure of the extent
to which power sourced by the transceiver is undesirably
reflected back into the transceiver.

Traditionally, LMR antennas are characterized in terms of
directivity (e.g., horizon gain or sometimes “mean effective
gain”) and feedpoint VSWR for some nominal impedance.
This makes rigorous assessment of system-level performance
difficult, especially when performance over large bandwidths
or over multiple frequency bands is of interest. A rigorous
method is desired for evaluating the “bottom line” system-
level impact of antenna enhancements, so as to be able to
compare the cost-benefit tradeoff with respect to other possible
approaches to improving system performance, such as improv-
ing transceiver noise figure (improving sensitivity), increas-
ing transmit power, or improving tolerance to high VSWR

conditions (facilitating the use of electrically-small antennas).
Such methodology is particularly useful when considering
the efficacy of emerging technology such as reconfigurable
antennas, reconfigurable matching, and non-Foster matching as
a means for broadbanding and multibanding in LMR systems.
However, past work in this area is typically not germane to this
task; for example [1] is limited to the receive case and does not
accommodate arbitrarily-defined antenna-transceiver interfaces
including active (and, in particular, non-Foster) matching.

Section II of this paper proposes suitable methodology for
this purpose. In particular, the antenna-transceiver interface
is defined in the most general possible way (assuming it
is linear) in terms of two-port 𝑠-parameters. In Section III,
the methodology is demonstrated by computing the relevant
performance metrics for a thin 𝜆/4 monopole designed for
453 MHz over the range 25 MHz to 900 MHz in an otherwise-
typical LMR system.

II. THEORY

A. Receive System Model

In the receive case, the antenna is modeled as a voltage
source 𝑣𝐴 in series with its self-impedance 𝑍𝐴. 𝑣𝐴 is the
voltage across the antenna terminals when open-circuited.
Given an incident electric field E, 𝑣𝐴 is given by 𝑣𝐴 = E ⋅ l𝑒,
where l𝑒 is the vector effective length of the antenna. Assuming
E is co-polarized with l𝑒 and we are not concerned with the
phase of 𝑣𝐴, we have the simplified relationship 𝑣𝐴 = 𝐸 𝑙𝑒,
where 𝐸 and 𝑙𝑒 are the magnitudes of E and l𝑒 respectively.
The effective length 𝑙𝑒 can be determined experimentally as
ratio of 𝑣𝐴 to an applied co-polarized electric field having
magnitude 𝐸. Alternatively, 𝑙𝑒 can be computed from the
transmit case by applying a test current to the antenna ter-
minals and calculating the resulting distribution of equivalent
current over the antenna; 𝑙𝑒 is then the ratio of the integral
of the co-polarized component of the current distribution over
the antenna, to the test current.

The available power 𝑃𝐴 that can be delivered by the
antenna into a reflectionless matched load is

𝑃𝐴 =
∣𝑣𝐴∣2
4𝑅𝐴

= 𝐸2 𝑙2𝑒
4𝑅𝐴

, (1)

where 𝑅𝐴 is the real part of 𝑍𝐴 and it is assumed that 𝑣𝐴 is
measured in RMS volts.

It is important to account for environmental noise (i.e., noise
external to the station), as it is possible in LMR systems
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for this to be a significant contribution to the total noise
delivered to the receiver. If the signal received by the antenna
is expressed in terms of an antenna temperature 𝑇𝐴, the
corresponding available power is given by 𝑃𝐴 = 𝑘𝑇𝐴𝐵,
where 𝑘 is Boltzmann’s Constant (1.38 × 10−23 J/K) and 𝐵
is the channel bandwidth. 𝑇𝐴 depends on frequency, time,
and location. However, the minimum possible value can be
estimated. In the absence of man-made noise and unusual
solar or atmospheric activity, 𝑇𝐴 is strongly dominated by
Galactic background noise plus a 2.7 K contribution from the
cosmic microwave background. The antenna temperature can
be lower-bounded within about 2 dB by

𝑇𝐴 ≥ 9000

(
𝑓

38 MHz

)−2.52

+ 2.7 K (2)

where 𝑓 is frequency [2]. Man-made noise can be modeled
in a similar way; in fact, it is useful to know that the man-
made radio noise spectrum in the LMR bands also exhibits a
power-law spectral dependence with approximately the same
exponent, with the primary difference being simply that the
leading coefficient is greater [3].

We now consider 𝑃𝑅, the power delivered to the transceiver.
This is given by

𝑃𝑅 = ℛ𝑒
{
𝑣+𝑅

(
𝑖+𝑅

)∗}
(3)

where 𝑣+𝑅 is the voltage wave traveling into the transceiver,
𝑖+𝑅 is the corresponding current wave, and we continue to
use RMS quantities. Assuming a real-valued transceiver input
impedance 𝑅𝑅, we have 𝑖+𝑅 = 𝑣+𝑅/𝑅𝑅 and thus

𝑃𝑅 =
∣∣𝑣+𝑅∣∣2 1

𝑅𝑅
. (4)

Now consider a situation in which the antenna is terminated
directly into a load impedance equal to 𝑅𝑅, and let 𝑣+𝐴 be
defined as the voltage wave traveling into the load in this
case. Then

𝑣+𝐴 = 𝑣𝐴
𝑅𝑅

𝑍𝐴 +𝑅𝑅
. (5)

We use this to manipulate our expression for 𝑃𝑅 as follows:

𝑃𝑅 =

∣∣∣∣𝑣+𝑅𝑣+𝐴
∣∣∣∣
2 ∣∣𝑣+𝐴∣∣2 1

𝑅𝑅
= 𝑃𝐴

∣∣∣∣𝑣+𝑅𝑣+𝐴
∣∣∣∣
2

4𝑅𝐴𝑅𝑅

∣𝑍𝐴 +𝑅𝑅∣2
. (6)

The factor
∣∣𝑣+𝑅/𝑣+𝐴

∣∣2 can be conveniently expressed in terms
of the 𝑠-parameters of the antenna-transceiver interface stage;
i.e., cable and other (possibly active) devices. To accomplish
this, we take 𝑅𝑅 to be the real-valued “reference impedance”
𝑍0 with respect to which the 𝑠-parameters and associated
reflection coefficients are calculated. We then have:

𝑃𝑅 = 𝑃𝐴

∣∣∣∣ 𝑠21
1− 𝑠11Γ𝐴

∣∣∣∣
2

4𝑅𝐴𝑍0

∣𝑍𝐴 + 𝑍0∣2
, (7)

where Γ𝐴 is the voltage reflection coefficient looking into the
antenna from a termination of impedance 𝑍0; i.e.,

Γ𝐴 =
𝑍𝐴 − 𝑍0

𝑍𝐴 + 𝑍0
. (8)

In traditional LMR systems, the antenna-transceiver inter-
face consists solely of a coaxial cable. The 𝑠-parameters for
a cable having characteristic impedance equal to the standard
impedance 𝑍0 are 𝑠11 = 𝑠22 = 0 and 𝑠12 = 𝑠21 = 𝑒−𝛾𝑙 where

𝛾 = 𝛼

√
𝑓

𝑓0
+ 𝑗

2𝜋𝑓

𝑣𝑓 𝑐
, (9)

𝑙 is length, 𝛼 is the attenuation constant, 𝑓0 is the frequency
at which 𝛼 is determined, and 𝑣𝑓 is the velocity factor.
The 𝑠-parameters for more complicated interfaces – including
those consisting of combinations of cables, filters, amplifiers,
couplers, and so on – can be determined using well-known
theory and/or measurement techniques [4].

At this point the only noise we have accounted for is
the noise contributed by the environment. Additional noise
sources include thermal noise associated with ohmic loss in
the antenna-transceiver interface, and noise contributed by
the transceiver itself. The former can be computed using
expressions reported by [5], which can be summarized in our
case as follows:

𝑁𝑇 = 𝑘𝑇𝑝𝐵

⎡
⎣1−

(
1− ∣Γ𝐴∣2

)
∣𝑠21∣2

1− 𝑠11Γ𝐴

⎤
⎦ , (10)

where 𝑇𝑝 is the ambient physical temperature of the antenna-
transceiver interface.

Finally, we consider the self-noise of the transceiver. This
can be inferred from the specified sensitivity of the transceiver.
For example, for analog FM transceivers, it is common to
specify sensitivity as the power at the input which produces an
audio output with a given SINAD; for example, the industry-
standard TIA-603 specification is −116 dBm for 12 dB
SINAD [6]. It can be shown that for the 12.5 kHz bandwidth
variant of analog FM, 12 dB audio SINAD requires an RF
signal-to-noise ratio of 6.5 dB (see for example Appendix A
of [7]). Thus, the noise power at the transceiver input must
be −116 − 6.5 = −122.5 dBm (in 12.5 kHz) in this case.
This corresponds to a noise power spectral density of about
4.5× 10−20 W/Hz. Similar calculations can be made of other
transceivers using either specified or measured sensitivity.

The primary consideration when receiving is signal-to-noise
ratio (𝑆/𝑁 ) referenced to the input of the transceiver, which
is given by

𝑆

𝑁
=

𝑆

𝑁𝐸 +𝑁𝑇 +𝑁𝐴 +𝑁𝑅
(11)

where 𝑆 is the power of the desired signal which is delivered
to the transceiver, given by Equations 7 and 1; 𝑁𝐸 is the power
associated with environmental noise which is delivered to the
transceiver, given by Equation 7 with 𝑃𝐴 = 𝑘𝑇𝐴𝐵; 𝑁𝑇 is
given by Equation 10; 𝑁𝐴 represents the contribution beyond
𝑁𝑇 from active devices in the antenna-transceiver interface (if
any); and 𝑁𝑅 is the input-referred noise power generated by
the transceiver itself; e.g., 4.5× 10−20 W/Hz times 12.5 kHz
for the analog FM example given above. Although not detailed
above, 𝑁𝐴 can be calculated if necessary using well-known
techniques for the analysis of cascaded active two-port devices.
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B. Transmit System Model

In the transmit case, the antenna is modeled as an impedance
𝑍𝐴 and the transceiver is modeled as a source of power 𝑃𝑇

incident on the “2” port of the antenna-transceiver interface
from an impedance 𝑍0. Note that the meanings of all parame-
ters in the transmit model retain the same meanings as in the
receive model, including the definitions of the 𝑠-parameters
for the antenna-transceiver interface.

The two performance metrics of interest in the transmit case
are efficiency and VSWR. The VSWR for the transceiver’s
input to the antenna-transceiver interface is given by

VSWR =
1 + ∣Γ2∣
1− ∣Γ2∣ , (12)

where Γ2, the voltage reflection coefficient looking into
the the antenna-transceiver interface from the output of the
transceiver, is given by

Γ2 = 𝑠22 +
𝑠12𝑠21Γ𝐴

1− 𝑠11Γ𝐴
. (13)

We define the transmit power efficiency 𝜖𝑇 as the ratio of
the total power successfully delivered to the antenna; to 𝑃𝑇 ,
the power that would be delivered by the transceiver into a
reflectionless matched load. The derivation is very similar to
that used to obtain Equation 7, with the result:

𝜖𝑇 =

∣∣∣∣ 𝑠12
1− 𝑠11Γ𝐴

∣∣∣∣
2 (

1− ∣Γ𝐴∣2
)

. (14)

Note that 𝜖𝑇 is only the power accepted by the antenna
and not the power radiated by the antenna; also, in LMR
systems we typically interested in performance specifically in
the horizon plane. To account for these considerations, we also
define the antenna-modified transmit power efficiency 𝜖𝑇𝐴 as
𝜖𝑇 times the antenna gain 𝐺𝐻 in the direction of the horizon.
Note that 𝜖𝑇𝐴 is equal to the effective isotropic radiated power
(EIRP) in the direction of the horizon, divided by the power
that the transceiver can deliver into a reflectionless matched
load.

𝐺𝐻 can be computed in a number of ways. Since we require
𝑙𝑒 for the receive analysis, it is convenient to recycle that result
to obtain an expression for 𝐺𝐻 . To do this, we note that the
effective aperture 𝐴𝑒 of an antenna can be expressed in terms
of 𝑙𝑒, as follows:

𝐴𝑒 =
𝜂 𝑙2𝑒
4

𝑅𝑟𝑎𝑑

∣𝑍𝐴∣2
(15)

where 𝜂 is the impedance of free space (≈ 377 Ω), 𝑅𝑟𝑎𝑑 is
𝑅𝐴 minus loss resistance, and the antenna’s loss resistance is
represented in 𝑙𝑒. In terms of 𝐺𝐻 , we have:

𝐴𝑒 = 𝐺𝐻
𝜆2

4𝜋
, (16)

where 𝜆 is wavelength. Combining these equations we find:

𝐺𝐻 = 𝜋
𝜂𝑅𝑟𝑎𝑑

∣𝑍𝐴∣2
(
𝑙𝑒
𝜆

)2

. (17)

Of course, 𝐺𝐻 can also be obtained from an analysis or
measurement of the antenna pattern.

III. EXAMPLE: A UHF-BAND QUARTER-WAVE

MONOPOLE IN AN ANALOG FM LMR STATION

In this section we present an example of a simple an-
tenna system to demonstrate the methodology. The antenna
is a lossless monopole of height ℎ = 15.7 cm and radius
𝑎 = 1 mm, designed to have a quarter-wavelength resonance at
453 MHz, and we assume for simplicity an infinite perfectly-
conducting ground plane. The antenna is connected to the
transceiver through RG-58 coaxial cable having length 5.18 m
(17 ft). The transceiver is assumed to be operating in an analog
FM mode with bandwidth 𝐵 = 12.5 kHz. The antenna self-
impedance 𝑍𝐴 is obtained by first calculating the theoretical
impedance of a dipole having length 2ℎ and radius 𝑎; in this
case, using the method described in [8]. Invoking image theory,
the actual value of 𝑍𝐴 is then taken to be one-half this value.
The effective length 𝑙𝑒 is calculated from the ideal sinusoidal
current distribution for the corresponding image dipole of
length 2ℎ:

𝐼(𝑧) = 𝐼(0)
sin (2𝜋 (ℎ− 𝑧) /𝜆)

sin (2𝜋ℎ/𝜆)
(18)

for −ℎ ≤ 𝑧 ≤ ℎ, as described in Section II-A. The cable is
modeled as described in Section II-A with 𝛼 = 0.00553 m−1

at 𝑓0 = 10 MHz, and 𝑣𝑓 = 0.66 (representing RG-58 coaxial
cable). The lower-bound environmental noise model described
in Equation 2 is used, the assumed ambient physical temper-
ature is 𝑇𝑝 = 293 K, and the assumed input-referred noise
power spectral density of the transceiver is 4.5×10−20 W/Hz,
as suggested in Section II-A. The co-polarized incident electric
field magnitude 𝐸 was set to achieve 𝑆/𝑁 = 12.5 dB at the
input of the transceiver at 453 MHz, under the conditions of
the system model and parameters given above. This is 6 dB
greater than the minimum 6.5 dB determined in Section II-A
to be required to achieve the TIA-603 sensitivity specification.
The resulting value is found to be 𝐸 = 7.2 𝜇V/m. This value is
used as the incident signal strength, independent of frequency.

The results are shown in Figures 1 (𝑆/𝑁 delivered to
receiver), 2 (transmit VSWR), and 4 (transmit efficiency). Note
that bandwidth for acceptable sensitivity is greater than the
bandwidth for reasonable transmit VSWR, and much greater
than the bandwidth over which 𝜖𝑇𝐴 is close to its nominal
value. This explains the phenomenon, well-known among
users of LMR systems, that the useful bandwidth for receiving
tends to be greater than the useful bandwidth for transmitting.

Figure 3 shows the desired signal power and the various
noise components contributing to the 𝑆/𝑁 result shown in
Figure 1, individually. Note that the total noise is strongly
dominated by the transceiver’s self-noise, and that the noise
contributed by the environment and by the cable are, in this
case, relatively weak. The dip in the cable-generated noise
around 453 MHz occurs because when the antenna is resonant,
thermal noise from the cable can efficiently be radiated out
the antenna as well as into the transceiver. Note that both the
peak system 𝑆/𝑁 and the bandwidth over which a minimum
𝑆/𝑁 is achieved could be improved by reducing 𝑁𝑅; i.e.,
by improving the noise figure of the receiver. In fairness, it
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Fig. 1. 𝑆/𝑁 delivered to the receiver in the 453 MHz 𝜆/4 monopole
example. 3 dB bandwidth is 161 MHz.
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Fig. 2. VSWR looking into cable from transmitter in the 453 MHz 𝜆/4
monopole example. Bandwidth for 2:1 VSWR is 95 MHz.

should be noted that there are significant technical barriers
to doing this in practice; large among them is the tradeoff
between receiver sensitivity and intermodulation performance.
Further, in some environments the contribution from man-
made noise can exceed that from Galactic noise by one
or two orders of magnitude [3]; in these environments the
improvement resulting from reduction in receiver noise figure
will be limited. Nevertheless, it is useful to be able to calculate
the range of possibilities.
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1 Introduction

This report documents some practical techniques for characterizing the land mobile radio (LMR)
analog FM audio quality using Private Line (PL) tone analysis. A particular application where this
is desirable is the antenna system project [1], which requires on-the-air testing in a TIA-603 analog
system. In this project, it is desirable to have a “bottom line” assessment of the audio quality in
order to accurately determine in-situ RF signal to noise ratio (SNR). The audio signal is not known
a priori, making it difficult to gauge the audio quality. To overcome this, one can use the existing
“PL tone” which is injected in the sub-audio band along with the audio signal before transmission.
At the receiver, this PL tone can be analyzed to get an audio SNR metric independent of the voice
signal. The audio SNR can also be converted into an RF SNR, which will be the topic of a separate
memo.

This report discusses two practical techniques for estimating the SNR of the PL tone. The first
method is the parametric estimation and subtraction (PE/S) method. In this method, the parameters
of the PL tone – amplitude, frequency and phase – are estimated, and then a noise free copy of the
PL tone is locally synthesized. It is then subtracted coherently from the filtered PL tone leaving
behind the sub-audio noise. SNR is then the ratio of the estimated PL tone power to the subaudio
noise power. The second method involves measuring the kurtosis of the filtered PL tone and using
then that to calculate the audio SNR. Both these methods are first tested through simulations, and
applied to the actual LMR signals.

Figure 1 shows the dynamic spectrum of an actual off-the-air FM signal. The PL tone is clearly
visible in the spectrum throughout the duration of the signal except for small durations of approx-
imately 0.1 s when one speaker switches to the other. PL tone frequencies range from 67 Hz to
257 Hz.

The rest of the document is organized as follows. Section 2 describes the simulation model of the
FM communication system used in our work. Section 3 details the techniques used to characterize
the audio quality. Section 4 compares the techniques described in Section 3 by first applying
them to simulated data and then against captured LMR signals. Finally Section 5 summarizes the
performance of the experimental techniques.
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Figure 1: Dynamic spectrum of an audio signal. In this case, the PL tone frequency is 162.2 Hz.

2 System Model

Figure 2 shows the model of the FM communication system used in our work.

There are two inputs to the model – the message signal and the carrier. The message signal consists
of the audio signal and the PL tone. The FM modulator varies the carrier frequency in proportion
to the amplitude of the message signal. If m(t) is the message signal and c(t) = Ac cos(2πfct) is
the carrier, then the modulated signal is given by

sFM(t) = Ac cos(2πfct+ kfm

∫ t

−∞
m(t)dt), where (1)

kfm =
2π∆f

mp

(2)

is the modulation index. ∆f is the maximum frequency deviation, and mp is the maximum ampli-
tude of m(t). The complex baseband representation of the FM modulator in equation (1) is

sFM,bb(t) = Ace
(jkfm

∫ t
−∞m(t)dt). (3)

The transmitted signal is distorted by the communication channel which is of Rayleigh flat fading
type, and then mixed with additive white Gaussian noise (AWGN). A reformulated Jakes fading
model, proposed by Dent (1993) [2], is used to simulate the Rayleigh fading channel. The model
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Figure 2: System Model

assumes that N equal-strength rays arrive at the receiver with uniformly distributed arrival angles
αn, such that the ray n experiences a Doppler shift ωn = ωmcos(αn), where ωm = 2πfcv/c is the
maximum Doppler shift, v is the relative speed of receiver with respect to the transmitter, and c is
the speed of light. The resulting channel coefficient is:

T (t) =
√

2/No

No∑
n=1

ejβncos(ωn + θn) (4)

where No = N/4 is the number of equal strength complex oscillators needed to produce the
multiple waveforms and the normalization factor

√
2/No gives E[T (t)T ∗(t)] = 1. By using β =

πn/No, the real and imaginary parts of T (t) have equal power and are uncorrelated. Setting αn =
2π(n − 5)/N provides quadrantal symmetry for all of the arriving waveforms. Randomizing θn
provides different waveform realizations.

The received FM signal is then filtered by a flat-topped band-pass “IF” filter, centered at the carrier
frequency and with bandwidth equal to that of the FM signal (approximated by Carson’s formula).
The filtered signal is then fed into the FM demodulator, implemented as sequence of DSP opera-
tions as follows:

Let r(n) be the complex valued discrete signal at the output of the IF filter, where n represents
discrete time instants. Then if rr(n) and ri(n) are respectively the real and imaginary parts of
r(n), we have

rs(n) = ri(n) rr(n− 1)− rr(n) ri(n− 1), (5)
rc(n) = rr(n) rr(n− 1)− ri(n) ri(n− 1), (6)
g1(n) = rs(n)/rc(n), (7)
g2(n) = arc tan(g1(n)), (8)
y(n) = g2(n)/(T kfm) (9)
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where T = 1/fs, fs being the sampling frequency. The output of the demodulator y(n) is then
passed through an audio filter which is a Chebyshev finite impulse response (FIR) low-pass filter
of order 803 and with 3-dB bandwidth set to 3.5 kHz.

3 Characterization of PL Tone SNR

The output signal of the audio filter in our system model consists of the audio signal including the
PL tone. Then we filtered out the audio signal using a Chebyshev FIR low-pass filter of order 1607
and with 3-dB bandwidth set to 250 Hz. Next, the SNR of the PL tone is determined using the
following experimental techniques.

3.1 Parametric Estimation and Subtraction (PE/S) Method

This method is particularly suitable when the signal to be estimated can be described in a simple
mathematical form with only a small number of slowly-varying parameters. In this case, we may
assume a sinusoid where the parameters are amplitude, frequency and phase. These parameters
are optimally estimated and a noise-free copy is locally synthesized. The estimated signal is then
subtracted coherently from the original signal, nominally leaving the noise.

The input signal is modeled as

x(t) = s(t) + n(t), (10)
s(t) = ae(j(ωt+θ)) (11)

where s(t) is the signal to be estimated having a, ω, and θ as the magnitude, frequency and phase
respectively. n(t) is the noise, assumed to be Gaussian. Then the optimal estimates of the parame-
ters a, ω and θ are given by

ω̂ = arg max
ω

∣∣〈x(t)e(−jωt)
〉∣∣ , (12)

â =
∣∣〈x(t)e(−jω̂t)

〉∣∣ , (13)

θ̂ = ∠
〈
x(t)e(−jω̂t)

〉
, (14)

where the angle brackets < . > denote time averaging.

In radio communications, the received radio signal is generally not stationary over long durations
of time. This is due to the fading environment; specifically, by time-varying multipath. To ac-
commodate this, we apply the PE/S method repeatedly within short segments of the signal during
which it can be assumed to be approximately stationary. An example of this approach is discussed
in Lee (2008) [3] in the context of mitigation of RF interference.
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3.2 Method of Kurtosis

In this method, the kurtosis is used to calculate the SNR for the signal, as discussed in Matzner
(1994) [4]. In this case, both s(t) and n(t) in equation (10) are assumed to be real, stationary, zero
mean and mutually independent; the latter at least with respect to the fourth order statistics.

Since the sum of independent random processes corresponds to the product of the respective char-
acteristic functions, we have:

φx(ω) = φs(ω)φn(ω), (15)

where φx(ω), φs(ω), φn(ω) are the characteristic functions of x(t), s(t), and n(t) respectively. The
characteristic function φx(ω) of a random process x(t) having a probability density function (pdf)
fX(x), is expanded in a series of its moments as:

φx(ω) =

∫ ∞
−∞

fX(x)e−jωxdx =
∞∑
k=0

(−j)kmx,k
ωk

k!
, (16)

where mx,k is the k-th order moment of x(t). For a discrete signal x[n], mx,k can be computed
as:

mx,k =
1

N

N∑
n=1

|x[n]|k , (17)

where N is the sample size.

It requires simple algebra to show using equations (15) and (16) that the k-th order moment of the
sum x(t) in equation (10) is given by

mx,k =
k∑
l=0

(
k

l

)
ms,lmn,k−l . (18)

If we evaluate equation (18) for k = 2 and k = 4 and use the assumption that both signal and noise
are zero mean, we find

mx,2 = ms,2 +mn,2 and (19)
mx,4 = ms,4 +mn,4 + 6ms,2mn,2 . (20)

The kurtosis Kx of x(t) is defined as

Kx = mx,4/m
2
x,2 . (21)

Using equation (21) we obtain from equations (19) and (20)

(Kx − 3) = (Ks − 3)κ2 + (Kn − 3)(1− κ)2 , (22)

where κ = ms,2/(ms,2 + mn,2) is related to the SNR we seek. To simplify equation (22), let
P = (Kx − 3), Q = (Ks − 3), and R = (Kn − 3). Then solving for κ gives us

κ = (R±
√
P (Q+R)−QR)/(Q+R) (23)
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Since the noise is assumed to be Gaussian and the signal, s(t), is a sinusoid (PL tone), Kn = 3 and
Ks = 1.5. So R = 0 and Q = −1.5. Substituting these values in equation (23), we get

κ =
√

(3−Kx)/1.5 . (24)

Now the SNR of the received signal x(t) is given by

SNR = κ/(1− κ) . (25)

Summarizing, the procedure for obtaining SNR from the data, x(t), is as follows:

1. Compute the moments mx,4 and mx,2 using equation (17) for k = 2 and k = 4 respectively.
2. Determine the kurtosis from equation (21).
3. κ =

√
(3−Kx)/1.5 from equation (24).

4. SNR = κ/(1− κ) from equation (25).

As described in Section 3.1, when the received signal is subjected to a time-varying fading (non-
stationary) channel, we partition the received signal into small segments over which it is effectively
stationary, and then this method is applied independently to each of these segments. The length
of the interval over which the partition SNRs are calculated must be chosen carefully as described
previously (for PE/S method).

3.3 Theoretical Method

In this section, we present a theoretical method for the estimation of the audio SNR directly from
the RF SNR. We make the following assumptions in our model (Figure 2):

1. The modulation index for the FM system is greater than unity. This holds true for the TIA-
603 modulations.

2. The IF filter has a Gaussian-shaped frequency response, G(f), given by:

G(f) = e−4π(f−fc)
2/9B2

, (26)

whereB is the 3-dB IF bandwidth in Hz. We lose little generality by making this assumption
since the audio filter bandwidth is usually narrow relative to the IF bandwidth.

As the IF SNR falls and goes below the threshold, the signal modulation is suppressed. So the
signal output from the discriminator, mo(t), is given by [5, 6]:

mo(t) = m(t)(1− e−ρ), (27)

where m(t) is the input message signal. Hence the output baseband signal power, S0, is related to
the input modulation signal power, S, as:

So = (1− e−ρ)2S (28)
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where ρ is the predetection SNR (at the output of the IF filter). Let c denote the transfer character-
istic (gain) of the differentiator. c = 2πc

′ , where c′ is a constant with units of Hz/V. Let σm denote
the rms frequency deviation of the signal c′m(t)). Hence its power is σ2

m. Then the IF bandwidth
used is chosen according to the formula B = 2(W + σm

√
10), where W is the cutoff frequency of

the low pass audio filter. This ensures that modulation peaks less than σm + 10 dB are contained
within the deviation given by Carson’s rule for sinusoidal modulation. Thus we have,

S =
σ2
m

c′2
, (29)

=
4π2σ2

m

c2
, (30)

=
π2(B − 2W )2

10c2
. (31)

Rice in [7] divided the one-sided baseband noise spectrum, P (f), into three components:

P (f) = P1(f) + P2(f) + P3(f). (32)

P1(f) has the same spectrum shape as the output noise spectrum when the carrier is absent. P2(f)
has the shape of the output noise spectrum when the carrier is very large,

P2(f) = (1− e−ρ)2Pmo(f), (33)

where Pmo(f) is the output noise spectrum when ρ� 1, and is given by [5]:

Pmo(f) =
2π2f 2e−4π(f−fc)

2/9B2

c2Bρ
. (34)

P3(f) is a correction term that predominates in the threshold region of ρ. Davis in [6] has shown
that in the frequency range from 0 to W , where W < B, the spectral components P1(f) + P3(f)
may be accurately approximated by

PD(f) ≈ 8πBe−ρ
[
c4
√

2(ρ+ 2.35)
]−1/2

. (35)

The above approximations may be combined to provide an approximation for the overall baseband
noise spectrum:

P (f) ≈ (1− e−ρ)2Pmo(f) + PD(f) (36)

≈ [2πf(1− e−ρ)]2 e−4π(f−fc)2/9B2

c2Bρ
+

8πBe−ρ

c2
√

2(ρ+ 2.35)
(37)

The total noise power, N , out of a rectangular baseband audio filter is given by:

N(ρ) =

∫ W

0

P2(f)df +

∫ W

0

PD(f)df, (38)

=
a(1− e−ρ)2

c2ρ
+

8πBWe−ρ

c2
√

2(ρ+ 2.35)
, (39)
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where using the Maclaurin series expansion, a is given by

a =
4π2

B

∫ W

0

f 2e−4π(f−fc)
2/9B2

df, (40)

=
4π2W 3

3B
{1− 4π

15

(
W

B

)2

+
8π2

189

(
W

B

)4

+ ...}. (41)

Since we have assumed that the modulation index is greater than unity, W is much smaller than B.
Therefore, we will consider only first three terms in the equation (41) and still get a fairly precise
value of a. Assuming unit impedance, we verify from equations (31) and (39) that the unit of signal
and noise power is watts (W). Now the audio SNR is simply the ratio S0/N . Thus the procedure
for obtaining the audio SNR from predetection SNR, ρ, is as follows:

1. Modulation signal power, S =
(
π2 (B − 2W )2

)
/ (10c2). Since c factors out in the expres-

sion for the audio SNR, we can choose any value for c here. We choose c = 1 here.
2. Audio signal power, S0 = (1− e−ρ)2S.
3. Compute the audio noise power, N using equations (38) and (40). For calculating a, con-

sider only first three terms in equation (40).
4. Audio SNR, SNRa = S0/N .

Figure 3 shows a plot of the audio SNR as a function of predetection SNR using the theoretical
method.

4 Results

In this section, we first compare the SNR estimation techniques presented in Section 3 using the
simulated data and later using the actual LMR signals.

4.1 Simulated Signal

4.1.1 Ideal Conditions

Since for simulated data the audio SNR can be precisely controlled, this provides us a “baseline” to
test the accuracy of the experimental techniques. Consider the case of a sinusoid in white Gaussian
noise (corresponding to a time-invariant channel). The frequency of the sinusoid is 180 Hz and its
amplitude is varied so that SNR varies from −25 dB to +10 dB. We need to choose the integration
times for the PE/S and kurtosis methods prior to estimating SNR. For a mobile radio channel,
coherence time varies with the Doppler spread. As a rule of thumb, coherence time, Tc is calculated

10
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fading channel). B and W are set to 17 kHz and 3.5 kHz respectively.
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as [8]:

Tc =
0.846π

ωm
, where (42)

ωm is the maximum Doppler shift as described in Section 2. Let us define a “best case” fading
scenario over our frequency and velocity range of interest corresponding to a carrier frequency
f = 45 MHz and transmitter velocity v = 1 m/s (vehicle almost stationary). This results in Tc =
2800 ms. Let us also define a “worst case” fading scenario corresponding to a carrier frequency
f = 860 MHz and transmitter velocity v = 29 m/s, which results in Tc = 5 ms.

Figures 4–7 compare the experimental SNR, determined using the PE/S and kurtosis methods,
against the actual SNR for integration times of 5 ms, 50 ms, 100 ms, and 2800 ms respectively.
It is observed that on increasing the integration time, both methods yield accurate results at lower
SNR. For an integration time of 5 ms, PE/S method works well for SNR≥ −15 dB. On increasing
the integration time to 2800 ms, PE/S method gives accurate results for SNR down to −35 dB. At
low SNR values, the kurtosis result flattens out earlier than the PE/S curve. This is because PE/S
is statistically optimum where as kurtosis is not.

4.1.2 Including effects of FM modulation/demodulation process (stationary channel)

Now we add the process of FM modulation and demodulation to this test case as shown in Figure 2.
The channel is assumed to be AWGN with no fading. In equation (3), the message signal m(t)
consists of only PL tone with frequency fpl = 180 Hz and amplitude Apl = 1. Also m(t) = 0 for
t < 0 s. The amplitude of the carrier, Ac is varied to get a predetection SNR range from −16 dB
to 31 dB. We have selected the 138–144 MHz VHF-Hi band for FM transmission. In accordance
with TIA-603B analog FM requirement for maximum deviation and bandwidth [9, 10], we set
the maximum frequency deviation ∆f , and the bandwidth of IF filter, B, to 5 kHz and 17 kHz
respectively. Figure 8 shows the power spectral density (PSD) of the noiseless FM signal.

In Figure 9, we plot the audio SNR as a function of predetection SNR using the PE/S method,
the kurtosis method, and the theoretical result. Since the channel is stationary, following from the
analysis done in Section 4.1.1, a reasonable integration times for the PE/S method and the kurtosis
method would be 100 ms. It is observed that the PE/S and kurtosis methods are in close agreement
with each other for predetection SNR > 5 dB. The PE/S and kurtosis curves have nearly same
slope as the theoretical curve and follows it with a 1–5 dB offset, for predetection SNR range from
0 dB to 30 dB.

We conclude this section by noting the possibility to use PE/S or kurtosis method to determine
audio SNR and then to use Figure 9 to calibrate from that to the theoretical result.
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Figure 4: Plot of experimental SNR against actual SNR of a noisy sinusoid. Integration time is
5 ms.
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Figure 5: Plot of experimental SNR against actual SNR of a noisy sinusoid. Integration time is
50 ms.
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Figure 6: Plot of experimental SNR against actual SNR of a noisy sinusoid. Integration time is
100 ms.
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Figure 8: Power spectrum of noiseless FM signal described in Section 4.1.2.
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4.1.3 Including effects of Rayleigh fading channel

Finally we repeat the test case of Section 4.1.2 but now with a time-varying Rayleigh fading chan-
nel. Before equation (4) can be used to simulate the Rayleigh fading environment, the parameters
of the Jakes model must be determined. No is set to 16 and the parameter θn is randomly and uni-
formly distributed between −π to π. For the following analysis, we coin a term called normalized
Doppler spread, fn = fd/fd,max, where fd is the Doppler spread for a given f and v, and fd,max is
the maximum Doppler spread corresponding to f = 860 MHz and v = 29 m/s. Let τn = τ/τnull
represent the normalized integration time. Here, τ is the selected integration time for the received
signal and τnull = c/(2fv) is the time interval between two consecutive signal nulls.

Consider the best case fading scenario (described in Section 4.1.1) with fn ≈ 0. Figures 10–
12 show the audio SNR as a function of predetection SNR using the PE/S method, the kurtosis
method, and the theoretical result (AWGN) for τn = 0.09, 1, and 5 respectively. Now consider
the worst case fading scenario with fn = 1. Figures 13– 15 show the audio SNR as a function of
predetection SNR using the PE/S method, the kurtosis method, and the theoretical result (AWGN
and Rayleigh fading [5]) for τn = 0.93, 9.3, and 93 respectively.

The performance of the PE/S and kurtosis methods for the above cases are summarized in Fig-
ure 16. We measured the mean absolute deviation of the PE/S and kurtosis curves from the theo-
retical result for a predetection SNR range from 5 dB to 25 dB. It is observed that as the integration
time is increased from a value much lower than the null-fading period to the null-fading period, the
deviation of the PE/S result from the theoretical result increases by a few dB. However on making
the integration time much larger than the null-fading period, the deviation actually decreases sig-
nificantly since the deep fades get averaged out. Based on the same logic, the kurtosis result also
gets fairly close to theoretical result at higher integration times.

We conclude that although the agreement between the theoretical and simulation results is not
very good, it gets better at sufficiently high values of τn. For a given fn and τn, the disagreement
between the results can be predicted in a qualitative sense.

4.2 Actual LMR Signals

4.2.1 Control Experiment

Having tested the two experimental techniques using the simulations, we now compare these meth-
ods through a control experiment, where all the system parameters are known and under our con-
trol. The experimental setup is shown in Figure 17. We generated an FM signal using Agilent
E4438C ESG vector signal generator by modulating a sinusoidal carrier at 453.2 MHz using a
123 Hz PL tone (no voice audio). The maximum frequency deviation is set to 4 kHz. The signal
generator is directly connected to Tektronix RSA6114A spectrum analyzer. The spectrum ana-
lyzer has a “RF IQ vs. Time” measurement option. We used this option to record the RF I and
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Q baseband data to a PC. On the PC, we passed the recorded RF data through a Chebyshev FIR
low-pass filter with 3-dB bandwidth (B/2) set to 7.5 kHz. The order of the filter is 850 taps. We
then measured the predetection SNR by measuring the total (signal+noise) power when the signal
generator is on and the noise power when there is no transmission. The filtered RF signal is then
demodulated using a FM detector which is same as in Section ??. The output of the detector is
passed through an audio filter which is a Chebyshev FIR low-pass filter of order 803 taps and with
3-dB bandwidth (W ) set to 3.5 kHz. The audio SNR is then measured using the PE/S method. The
experiment is then repeated for different values of carrier power, to get a predetection SNR range
from −12 dB to 35 dB.

Figure 18 shows the resulting plot of the audio SNR as a function of predetection SNR, comparing
it to the experimental result. For the experimental result, we have used PE/S method to determine
the audio SNR. Since the transmitter is directly connected to the receiver through a coaxial cable,
this ensures that the channel is stationary (fn = 0). It was observed that on increasing the inte-
gration time from 50 ms to 100 ms, the audio SNR increased by nearly 1.5 dB. Further increase
in integration time from 100 ms to 200 ms resulted in quite small (about 0.2 dB) increase in audio
SNR. So increasing integration time beyond 100 ms does not result in significant change in audio
SNR. Hence a reasonable integration time would be 100 ms. We observe that the experimental
result is in close agreement with the simulation (PE/S) result. Since the channel is stationary, we
compare our result to Figure 9 in Section 4.1.2 and find that the results are similar.

We conclude that for a stationary channel both the PE/S and kurtosis methods give quite accurate
results for predetection SNR between 5 dB and 25 dB.

4.2.2 Actual Signals

We now compare these techniques using an actual LMR signal. We recorded an audio signal by
tuning our ICOM IC-PCR1500 radio receiver to a local UHF-band police transmission. Figure 19
shows the average PSD of the received audio signal. It consists of the message signal and a PL tone
at 162.2 Hz. The dynamic spectrum of the captured signal is shown earlier in Figure 1. Figure 20
lists the audio SNR computed using PE/S and kurtosis methods for different integration times. We
observe that increasing the integration time from 50 ms to 100 ms increases the audio SNR by
roughly 2 dB. However further increasing the integration time to 200 ms results in a dip of 1 dB.
Hence a reasonable integration time for both the methods would be 100 ms. For 100 ms integration
time, the PE/S and kurtosis methods give audio SNR values as 32.8 dB and 32.7 dB respectively.
Referring to Figure 9, we observe that corresponding to our experimental audio SNR value, the
simulation results for PE/S and kurtosis methods are fairly close. Since the experimental audio
SNR values using PE/S and kurtosis method are also nearly equal, this proves the correctness of
the PE/S and kurtosis methods.
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Figure 10: Relationship between audio SNR and predetection SNR. fn ≈ 0, and τn = 0.09.
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Figure 11: Relationship between audio SNR and predetection SNR. fn ≈ 0, and τn = 1.
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Figure 12: Relationship between audio SNR and predetection SNR. fn ≈ 0, and τn = 5.
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Figure 13: Relationship between audio SNR and predetection SNR. fn = 1, and τn = 0.93.
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Figure 14: Relationship between audio SNR and predetection SNR. fn = 1, and τn = 9.3.
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Figure 15: Relationship between audio SNR and predetection SNR. fn = 1, and τn = 93.
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Figure 16: Effect of different fading characteristics and integration time on the performance of
PE/S and kurtosis methods.
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experiment (Non-fading channel).
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Figure 19: Power spectrum of the recorded audio signal with integration time of 10 ms.

Integration time  Audio SNR 
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Figure 20: Effect of integration time on the performance of PE/S and kurtosis methods as applied
to an actual LMR signal.
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5 Conclusion

From the simulation studies and experimental results, we conclude that under stationary channel
conditions, the PE/S and kurtosis methods are in close agreement with each other for predetection
SNR > 5 dB and integration time ≥ 100 ms. For SNR < 5 dB, PE/S performs better than kurtosis
method. The offset between the two results increases with decreasing predetection SNR, with an
asymptotic offset of nearly 14 dB. Under fading conditions, it is observed that as the integration
time is increased from a value much lower than the null-fading period to the null-fading period, the
deviation of the PE/S and kurtosis results from the theoretical result increases by few dB. However
on making the integration time much larger than the null-fading period, the deviation actually
decreases as the fading behavior get averaged out. In general, at low SNR values, the kurtosis
result flattens out earlier than the PE/S curve. This is because PE/S is statistically optimum where
as kurtosis is not. Hence we conclude that it is possible to estimate FM audio quality from PL tone
analysis over a wide range of conditions.
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1 Introduction

This report documents the estimation of predetection signal to noise ratio (SNR) of land mobile
radio (LMR) analog FM signals using PL tone analysis. A particular application where this is
desirable is the antenna system project [1], which requires on-the-air testing in TIA-603 analog
system. In this antenna system project, it is desired to accurately determine the in situ RF SNR.
To this end, a suitable approach is to first determine the audio SNR and use that to estimate the
SNR at the input to the RF front end. Kumar and Ellingson (2012) [2] provide a method for
“bottom line” assessment of analog FM SNR using PL tone analysis. Experimental techniques
that accurately determine the audio SNR for predetection SNR range between 0 dB and 30 dB have
been discussed in [2]. Jakes (1993) [3] presents a theoretical relationship between the audio SNR
and the predetection SNR. In this report, we use this theoretical result to estimate the predetection
SNR from the audio SNR.

The rest of the document is organized as follows. Section 2 details the theoretical approach to
estimate the predetection SNR. Then in Section 3, we use simulated signals and perform some ex-
periments to compare the theoretical estimate of the predetection SNR with the actual predetection
SNR values. Finally in Section 4, we conclude the report with comments on the accuracy of the
theoretical approach.

2 Theoretical estimation of predetection SNR

In this section, we present a theoretical result for the estimation of the predetection SNR from
the audio SNR. Figure 1 shows the system model of the FM communication system used in the
derivation of the result.

We make the following assumptions in our model:

1. The modulation index for the FM system is greater than unity. This holds true for the TIA-
603 modulations [4, 5].

2. The IF filter has a Gaussian-shaped frequency response, G(f), given by:

G(f) = e−4π(f−fc)2/9B2

, (1)

where fc is the carrier frequency, and B is the 3-dB IF bandwidth in Hz. We lose little
generality by making this assumption since the audio filter bandwidth is usually narrow
relative to the IF bandwidth.

As the IF SNR falls and goes below the threshold, the signal modulation is suppressed. So the
signal output from the FM detector, mo(t), is given by [3, 6]:

mo(t) = m(t)(1− e−ρ), (2)
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Figure 1: System Model

where m(t) is the input message signal. Hence the output baseband signal power, S0, is related to
the input modulation signal power, S, as:

So = (1− e−ρ)2S (3)

where ρ is the predetection SNR (at the output of the IF filter). Let c denote the transfer character-
istic (gain) of the detector. Then from [2, Section 3.3], we have

S =
π2(B − 2W )2

10c2
, (4)

where W is the cutoff frequency of the low pass audio filter. The total noise power, N , out of a
rectangular baseband audio filter is given by [2, Section 3.3]:

N(ρ) =
a(1− e−ρ)2

c2ρ
+

8πBWe−ρ

c2
√

2(ρ+ 2.35)
, (5)
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where a is given by

a =
4π2W 3

3B
{1− 4π

15

(
W

B

)2

+
8π2

189

(
W

B

)4

+ ...}. (6)

Since we have assumed that the modulation index is greater than unity, W is much smaller than B.
Therefore, we will consider only first three terms in the equation (6) and still get a fairly precise
value of a. Now from equations (3), (4) and (5), the audio SNR is

SNRa =
So
N

=
π2(B − 2W )2

10

(
a
ρ
+ 8πBWe−ρ

(1−e−ρ)2
√

2(ρ+2.35)

) . (7)

Given audio SNR, predetection SNR can be determined from equation (7). However it is not
possible to find a closed form expression for predetection SNR.

3 Results

In this section, we evaluate the correctness of the theoretical predetection SNR by comparing it
first with the simulated data and later with the experimental data.

3.1 Simulated Signal (stationary channel)

In this section, we evaluate the accuracy of the theoretical method through simulations. The chan-
nel is assumed to be additive white gaussian noise (AWGN) with no fading. The FM detector
is implemented as a sequence of DSP operations described in [2, Section 2]. The audio SNR is
determined using the PE/S method [2, Section 3.1]. Since for a stationary channel increasing the
integration time beyond 100 ms does not have any significant impact on the performance of the
PE/S method [2, Section 4.1.2], we set the integration time to 100 ms. B and W are set to 17 kHz
and 3.5 kHz respectively.

Then both the theoretical estimate (from equation (7)) and the measured predetection SNR values
are plotted against the audio SNR as shown in Figure 2. We observe that the results are consistent
but not in close agreement. The theoretical result follows the measured predetection SNR with
a 1–10 dB offset, for audio SNR range from −15 dB to 35 dB. Some offset should be expected
because there are some approximations and assumptions in the theoretical result. However it is
not possible to comment on the correctness of the theoretical result based just on the simulations.
Hence we perform an experiment as described in the next section to determine the validity of the
results.
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3.2 Control Experiment 1

We now compare the theoretical method with measurements from a control experiment, where
all the system parameters are known and under our control. The experimental setup is shown
in Figure 3. We generated an FM signal using Agilent E4438C ESG vector signal generator by
modulating a sinusoidal carrier at 453.2 MHz using a 123 Hz PL tone (no voice audio). The max-
imum frequency deviation is set to 4 kHz. The signal generator is directly connected to Tektronix
RSA6114A spectrum analyzer. The spectrum analyzer has a “RF IQ vs. Time” measurement op-
tion. We used this option to record the RF I and Q baseband data to a PC. On the PC, we passed
the recorded RF data through a Chebyshev FIR low-pass filter with 3-dB bandwidth (B/2) set to
7.5 kHz. The order of the filter is 850 taps. We then measured the predetection SNR by measuring
the total (signal+noise) power when the signal generator is on and the noise power when there is no
transmission. The filtered RF signal is then demodulated using a FM detector which is same as in
Section 3.1. The output of the detector is passed through an audio filter which is a Chebyshev FIR
low-pass filter of order 803 taps and with 3-dB bandwidth (W ) set to 3.5 kHz. The audio SNR is
then measured using the PE/S method. The integration time for the PE/S method is set to 100 ms.
The experiment is then repeated for different values of carrier power, to get a predetection SNR
range from −7 dB to 35 dB.

Figure 4 shows predetection SNR as a function of audio SNR, using the experimental result, the
simulation, and the theoretical result. We observe that the experimental result is in close agreement
with the simulation result. This is not surprising since the control experiment is different from
the simulation only in that the simulation modulator is replaced by a hardware modulator. Thus
agreement between the simulation and the control experiment indicates only that the modulator
is not the source of disagreement between simulation and control experiment. Hence, in the next
section, we perform another control experiment which replaces the simulation receiver with a
hardware receiver.

3.3 Control Experiment 2

We now compare the theoretical method with measurements from an another control experiment.
The experimental setup is shown in Figure 5. We generated an FM signal as described in Sec-
tion 3.2. The signal generator output is split two ways using a Mini-Circuits ZFSC-2-2500+ power
splitter. One of the outputs goes to a Tektronix RSA6114A spectrum analyzer while the other goes
to a ICOM IC-PCR 1500 receiver. The output from the spectrum analyzer is then used to measure
the predetection SNR as described in Section 3.2. The audio output from the ICOM receiver is
recorded to a PC. On the PC, we filter the recorded audio through a Chebyshev FIR low-pass filter
of order 1003 taps and with 3-dB bandwidth (W ) set to 3.5 kHz. The audio SNR is then measured
using the PE/S method. The integration time for the PE/S method is 100 ms. The experiment is
then repeated for different values of carrier power to get a predetection SNR range from −12 dB
to +25 dB.
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Figure 3: Control Experiment 1 setup.
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Figure 6 shows predetection SNR as a function of audio SNR, using the experimental result, the
simulation, and the theoretical result. We observe that the experimental result is in close agreement
with the simulation result for audio SNR between 0 dB and 20 dB. For audio SNR < 0 dB,
there is a 1–3 dB difference between the simulation and experimental result. For audio SNR
> 20 dB, the difference between the simulation and experimental results increases and becomes
asymptotically large at audio SNR of 25 dB. This is an expected behavior. Due to the non-linear
nature of FM modulation, the frequency estimation in receiver doesn’t get any better by increasing
the predetection SNR beyond a particular value. Hence the audio SNR is upper bounded.

So in order to accurately estimate the predetection SNR, we would first need to determine the
audio SNR corresponding to the theoretical predetection SNR using Figure 6. Then determine
the simulation predetection SNR corresponding to the measured audio SNR using Figure 6 again.
We would use this value of simulation predetection SNR as our final estimate for predetection
SNR.

4 Conclusion

The predetection SNR can be estimated using the following procedure:

1. Record the audio output from a receiver (such as ICOM IC-PCR 1500) onto a PC.
2. On the PC, filter the recorded audio through a Chebyshev FIR low-pass filter of order 1003

taps and with 3-dB bandwidth set to 3.5 kHz.
3. Measure the audio SNR for the filtered audio signal using the PE/S method (set the integra-

tion time to 100 ms).
4. Use the theoretical result described in Section 2 to estimate the predetection SNR from the

audio SNR.
5. Using Figure 6, determine the audio SNR value corresponding to the estimated predetection

SNR in step 4.
6. Again using Figure 6, determine the simulation predetection SNR corresponding to the audio

SNR determined in step 5. We would use this value of simulation predetection SNR as our
final estimate for predetection SNR.

The estimated predetection SNR is quite accurate (within 0.5 dB of actual result) for audio SNR
between 0–20 dB. For audio SNR between -18–0 dB, there is a 1–3 dB difference between the
estimated and actual value of predetection SNR. For audio SNR > 20 dB, the difference between
the estimated and actual predetection SNR increases and becomes asymptotically large at audio
SNR of 25 dB (for reasons provided in Section 3.3). Hence we conclude that our proposed method
works with ±3 dB accuracy for predetection SNR between -18–22 dB.
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1 Introduction

This report documents the further development of the broadband monopole described in previous
reports [1] and [2]. The monopole is part of an antenna system is being developed as part of our
project “Antenna Systems for Multiband Mobile & Portable Radio” [3]. As described in [1], the
intent is to use the monopole with an antenna tuner to achieve a useful level of performance in
each of the bands of interest; namely, VHF-Low (25–50 MHz), VHF-High (138–174 MHz), 220 MHz
(220–222 MHz), UHF (406–512 MHz), and 800 MHz (764–862 MHz). The previous monopole was
23.5 cm long, and found to be suitable for the UHF and 800 MHz bands, but unacceptable for the
VHF-Low through 220 MHz bands. In order to achieve a usable level of performance in the VHF-
Low through 220 MHz bands, we consider a switchable extension to the monopole. When switched
off, the extension is disconnected and the monopole is essentially identical to the original monopole.
When switched on, the extension is connected, yielding a longer monopole. This appears to be the
simplest method to remedy the limitations of the original monopole without a significant (hence,
undesirable) change in form factor.

2 Design and Electromagnetic Analysis

The monopole consists of two elements. The base element is identical to the original monopole:
23.5 cm in length, 5 mm in radius. The extension element is 1.165 m long and 1 mm in radius,
and begins at the top of the base element. Thus, the overall length is 1.4 m; the only difference be-
tween “high band” and “low band” operation is whether the two elements are disconnected (hence;
separated by a small gap) or connected (probably by an electromechanical relay). Note that both
the overall length and diameter are comparable to the dimensions of existing commercial monopole
antennas for the VHF-Low band [4].

In this report, the antenna is analyzed using NEC-4.1 [5], which is an implementation of the
method of moments. The following assumptions are made: The antenna elements are assumed to be
perfectly conducting, and the ground plane is assumed to be both perfectly conducting and infinite
in extent. An infinite ground plane (as opposed to a finite surface, such as the trunk of a car) is
required in order to make the wideband (25–900 MHz) analysis tractable. We have performed some
preliminary studies of the original monopole on a finite ground plane modeling the trunk of a car.
These studies suggested very little impact on the self-impedance, however the effect on directivity
was not evaluated. Thus, the results presented here should be considered preliminary. The segment
length used in the NEC computations is 1.8 cm, independent of frequency.

3 System-Level Analysis

The system-level analysis follows almost exactly the same procedures described in [1], where are
documented in greater detail (from a theoretical viewpoint) in [6]. All parameters, unless noted
below, are identical to those used in [1]. A difference from [1] is that the incident electric field
magnitude is taken to be (4.8 µV)/λ, where λ is free space wavelength, as suggested in [7]. That is,
the stimulus is allowed to be frequency-dependent, so that the results are in some sense referenced
to a quarter-wavelength monopole resonant at each frequency considered. Both self-impedance and
effective length are computed using the NEC model described above; effective length is obtained by
integration over the computed current distribution.

Receive performance is summarized in Figures 1 and 2. Figure 1 shows the realized predetection
S/N in the high- and low-band states. Note that even with no matching the low-band state meets
the 6 dB criterion described in [1] throughout the VHF-Low and VHF-High bands, and also in
portions of the UHF and 800 MHz bands. For additional insight, the signal and noise components
represented in Figure 1 are shown separately in Figure 2. Here, it is interesting to note that the
performance in the VHF-Low and -High bands is very nearly optimal; that is, even a small (1–2 dB)
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improvement in the receiver noise figure (NR, as indicated in Figure 2), would result in external
noise-dominated performance.

Transmit performance is summarized in Figures 3 and f4. Figure 3 shows transmit VSWR (i.e.,
VSWR looking into the antenna system from the transceiver output). Here we note that matching
may not be necessary for VHF-Low with the antenna system in the low-band state; also we see that
the antenna system is already reasonably well-matched (i.e., VSWR < 3) over large portions of the
VHF-High, UHF, and 800 MHz bands. Figure 4 shows transmit efficiency ǫT as well as the “antenna-
modified” transmit efficiency ǫTA. Here we see that the the low-band state yields a usable level of
performance over much of the VHF-Low and -high bands, although clearly matching is required to
make this competitive with resonant antennas. It is interesting to note that the unmatched low-band
antenna is able to perform fairly well over much of the UHF and 800 MHz bands as well.

4 Summary

The proposed two-state reconfigurable monopole appears to remedy the performance limitations of
the (non-reconfigurable) 23.5-cm monopole previously proposed. Of course, a complete evaluation
requires assessment of performance as various matching states are employed, as described in [1].
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Figure 2: Signal and noise contributions to predetection S/N.
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Integration of Simple Antennas to Multiband
Receivers Using a Novel Multiplexer Design

Methodology
S. M. Shajedul Hasan, Member, IEEE, and Steven W. Ellingson, Senior Member, IEEE

Abstract—This paper presents a new concept in RF multiplexer
design to integrate a single monopole-type antenna to a receiver
with large, multiband tuning ranges. Traditional techniques to
integrate a single antenna with such receivers are limited in their
ability to handle simultaneous channels distributed over very large
tuning ranges, which is important for frequency-agile cognitive
radio, surveillance, and other applications requiring wideband
or multiband monitoring. In our approach, the goal is first to
achieve sensitivity which is nominally dominated by external
(environmental) noise, and then secondly to improve bandwidth
to the maximum possible consistent with this goal. A procedure
is described for designing antenna-multiplexer-preamplifier as-
semblies using this philosophy. It is shown that the approach can
significantly increase the usable bandwidth and number of bands
that can be supported by a single, traditional antenna. A three
channel (10–28 MHz, 32–50 MHz, and 54–80 MHz) multiplexer
for a VHF monopole antenna was designed and performance was
validated through field experiment.

Index Terms—Antenna integration, antenna matching, mobile
radio antenna, multiband antenna, multiband receiver, multi-
plexer, UHF band, VHF band.

I. INTRODUCTION

C OMMERCIAL, military, and public safety operations
use mobile and portable radio at HF (25–30 MHz);

VHF (30–50, 138–174, and 220–222 MHz); and UHF
(406–512 MHz, and segments between 700 MHz and
1000 MHz) frequencies. Traditionally, radios designed for
these applications are able to use just one or two of these
bands. In recent years, however, desire for improved com-
munications interoperability, combined with improvements in
radio electronics, have led to a new generation of multiband
radios (MBRs) which are capable of operating in many of these
bands. In particular, some currently available MBRs advertise
tuning ranges of 30–512 MHz for military applications and
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136–870 MHz for public safety applications. Although detailed
specifications for new MBRs are typically not publicly avail-
able, it is known that these radios require antenna changes to
achieve acceptable sensitivity over the entire tuning range. This
is because it is very difficult to design a single monopole-type
antenna which performs well in many bands, especially when
each band has relatively large fractional bandwidth. Solutions
which eliminate the need to switch antennas, or which allow
existing antennas to be effective over a larger range of frequen-
cies, are of great interest.
Potential solutions to this problem include broadbanding the

antenna, active matching, and non-Foster matching. Broad-
banding the antenna inevitably requires modifications to the
geometry, such as wire thickening or “top hatting”, that users
typically find unacceptable. Active matching—that is, dynami-
cally tuning the antenna match as the radio is tuned—inevitably
results in a reduction of instantaneous bandwidth, which
constrains the ability of the radio to scan and monitor other
channels. Non-Foster matching is a potential future solution,
but currently suffers from limitations in linearity and noise
figure which make it unsuitable for most applications [1].
In this paper we consider an alternative approach in which

the antenna is interfaced to the radio using a multiplexer. Tra-
ditionally, antenna multiplexers (or multicouplers, as they are
sometimes known), are used simply to channelize the antenna
output into multiple bands, where each band is serviced by a dif-
ferent radio input. In our approach, the multiplexer is also used
as a matching device; in particular (and unlike traditional mul-
tiplexers) the impedance of the common port is not constrained
to be a standard value which is desired to be invariant with fre-
quency. This has only very recently begun to be considered in
the context of multiplexer design; for example, see [2]. A second
difference in our approach is that the efficiency of the low-fre-
quency channels of the multiplexer is intentionally sacrificed
to obtain improved fractional bandwidth of the low-frequency
channels, and improved efficiency of the high-frequency chan-
nels. This turns out to be particularly effective in the HF and
VHF bands, where high external noise levels make efficiency
less important, as will be explained in this paper. However,
because transmit-mode performance depends directly on effi-
ciency, this approach will only be suitable for receive-only or
push-to-talk type systems.
The multiplexer approach turns out also to be particularly

well-suited to the emerging generation of CMOS-based multi-
band radio-frequency integrated circuits (RFICs), for which this
channelization is required to achieve selectivity requirements

0018-926X/$26.00 © 2011 IEEE
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anyway (for example, see [3]). The fact that this approach
results in multiple (frequency-partitioned) outputs is not a
problem even for receiver systems consisting of a single input,
since the multiplexer outputs are at a standard impedance and
can be combined using traditional techniques. Disadvantages
of this approach include the need for front-end amplifiers with
relatively low-noise and high linearity, and the need for a
separate traditional transmit path. We quantify the requirements
for the former; the latter is only a minor issue especially for
“push-to-talk” systems of the type identified above.
In this paper, we explain the concept, present a design

methodology, and provide a field demonstration. In the field
demonstration, we show that a simple 36 MHz-resonant
quarter-wave monopole connected to a custom three-channel
passive multiplexer and followed by a front-end amplifier with
3 dB noise figure is able to achieve Celestial noise-limited (that
is, the best possible) sensitivity in the ranges 10–28, 32–50,
and 54–80 MHz simultaneously.
This paper is organized as follows. Section II describes the

theory, including a system model to calculate the performance
of RF multiplexers. Section III presents the multiplexer design
methodology. The proposed concept is validated through a field
experiment in Section IV. Finally, Section V summarizes this
paper and presents some topics for future research.

II. THEORY

Fig. 1 shows the system model used to calculate the perfor-
mance of our proposed multiplexer design methodology. This
model consists of an antenna, a multiplexer, and a preamplifier.
The power spectral density (PSD) delivered by the antenna into
a matched load is

(1)

where is efficiency associated with the loss due to the ab-
sorption by the imperfect (nonperfectly conducting) ground,
is Boltzmann’s constant , and is antenna
temperature. When no multiplexer is used, we have

(2)

where in this case (no multiplexer in Fig. 1) is , i.e., the
reflection coefficient at the interface of antenna and the pream-
plifier; is the noise temperature of the preamplifier; and
is the total gain of the preamplifier. An estimate of is there-
fore given by

(3)

When the multiplexer is included, we have

(4)

Now the PSD delivered to the preamplifier by the multi-
plexer channel can be estimated as

(5)

Fig. 1. System model to calculate the performance of multiplexer. The output
impedance of the preamplifier is .

In this paper, we use a performance metric known as trans-
ducer power gain (TPG) to characterize the performance of the
multiplexer, specifically the efficiency of power transfer from
antenna to the input of the receiver. TPG is defined as the ratio
of power delivered by a matching network to the rest of the re-
ceiver, to the power delivered to a matched load attached di-
rectly to the antenna [4]. Combining (3) and (5), the TPG of the
multiplexer can be calculated from measurements of and

as

(6)

The ratio of external noise to internally generated noise is

(7)

Both natural and man-made noise can be described in terms
of a noise temperature , following a power law where
is frequency, and variance with respect to location . The total
noise temperature is the linear sum of the celestial noise and the
applicable category of man-made noise. Values of and have
been summarized in Table I, derived from data provided in [5].
The ratio of external noise to internally generated noise was

shown in (7). Clearly, sensitivity is optimized by minimizing
(i.e., good matching) and minimizing (i.e., low noise

design). However, once is high the external (unavoidable)
noise is dominating, so that additional effort to minimize or
will have little effect on sensitivity. Furthermore, if accept-

able can be achieved for a poor —as is possible when
is large—improvements in are actually counter-pro-

ductive, since this limits the design by imposing unnecessarily
strict matching requirements.
This principle has already been demonstrated to be effective

in the design of active antennas (see for example [6]); here we
extend the concept using multiplexers as a means to obtain mul-
tiple broad tuning ranges.

III. DESIGN METHODOLOGY

Our proposed technique starts with designing each of themul-
tiplexer channel filters for standard (e.g., 50 ) input and output
impedance, connecting the input ports of the multiplexer chan-
nels in parallel, and then performing an optimization of the mul-
tiplexer channels according to the following principles: (1) The
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TABLE I
PARAMETERS FOR NOISE TEMPERATURE

Add 2.7 K to account for cosmic microwave background (CMB) radiation. Varies over about 2 dB depending on time of day; see [6].

Fig. 2. VHF band multiplexer example.

ratio should be large, and (2) The multiplexer channel TPG
should be “reasonably flat” over the passband.
Let the TPG of the channels be , where

represents the channel number; and the value of components
(i.e., inductors or capacitors) used in the channels is represented
by , where represents the component in-
dexes within each channel. The optimization is

(8)

where is the theoretical TPG calculated using the Bode-
Fano bound [7] at the center frequency of each channel; and

and are the lower and higher cutoff frequencies of each
channel respectively. This attempts to find ’s such that the
best possible fit to the optimum estimated per-channel TPGs
is obtained. Note that the quality of the fit is assessed using
a mean-squared error criterion. Since it is likely that a perfect
solution will not be found, we also specify a criteria for stopping
the optimization:

(9)

where and are the maximum and min-
imum values of the TPG over channel , and is a “flatness”
constraint for each channel. If the optimization does not con-
verge as desired, the value of can be increased. Anymultivari-
able optimization technique can be used to optimize the compo-
nent values. The optimization does not require or depend on any
particular algorithm. However, in this paper we used the simu-

lation software GENESYS from Agilent Technologies,1 which
uses the “pattern search” algorithm described in [8] to perform
our optimization. In this optimization technique, each set of
component values results in an error from the desired response.
The error computed by GENESYS depends on which optimiza-
tion method we use. The root mean square of individual param-
eter error terms is one approach. The error is then given by

(10)

where is error function power (always 2 or 6), is the set
of target values (TPGs of the channels), is the set of actual
values (theoretical TPGs), and is the set of target weights.
The exponent “ ” is always even, therefore the magnitude of
each error contribution is always positive. In our case, since we
are using pattern search,“ ” is 2, which results in a root-mean-
squared error minimization. Each target adds to the error value
as determined by the above equation. A specified parameter has
a default weight of 1 unless modified by the weight option. The
optimization routine attempts to reduce the total error value by
adjusting the values of all components listed in the variables list
of the optimization properties. Optimization continues until the
error reaches zero or close to zero. This design methodology is
demonstrated in the next section.

IV. VHF-BAND MULTIPLEXER EXAMPLE

In this section we demonstrate the method and evaluate the
design in field conditions. In this design example, we add a
three-channel multiplexer to a monopole antenna. A block di-
agram of the design is shown in Fig. 2. A VHF monopole an-
tenna is used in this experiment because monopole antennas are
simple to design, and easy to analyze and build. Also relevant
is the fact that antennas used in mobile and portable radios are
more similar to monopoles than to dipoles.

A. Antenna and Multiplexer Design

We used a copper pipe 1.97 m long and 21 mm in diameter
as our VHF monopole antenna. Since the Earth is not a per-
fect ground, a ground screen made from Reflectix brand foil in-

1http://eesof.tm.agilent.com/products/genesys
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Fig. 3. Circuit topology of each multiplexer channel. The inputs of the three
channels are connected in parallel.

Fig. 4. Performance (TPG) of the initial (50 -in, 50 -out) multiplexer, as-
suming constant 50 source impedance. Solid lines represent the results when
the input port of all multiplexer channels are connected together and dotted lines
represent the results when each of the channels are connected with the source
separately.

sulation,2 which consists of two layers of aluminum foil with
plastic bubble laminated between the foil layers (mostly used
for thermal insulation) is used as for the ground screen for this
experiment. Commercial software FEKO,3 which simulates an
antenna using the Method of Moments (MoM), is used to model
this antenna as copper wire of circular cross section. In our sim-
ulation, the ground screen is included above the Earth ground,
which is assumed to have conductivity and
relative permittivity . From this we obtain the antenna
self-impedance, needed to calculate reflection coefficient. The
directivity and self-impedance of monopole antennas in the HF
and VHF bands are well documented; see e.g. [9].
Our goal is to interface the antenna described above to

separate receiver inputs corresponding to the 10–28 MHz,
32–50 MHz, and 54–80 MHz bands. We initially design the
multiplexer channels for constant 50 frequency-indepen-
dent input and output impedances, neglecting the possibility
of channel-to-channel interaction. Each of the channels of
this multiplexer are designed using the 7th order Chebyshev
topology shown in Fig. 3. Fig. 4 shows the performance of this
initial multiplexer assuming constant 50 antenna impedance.
Once interfaced to the antenna, however, the result is as shown
in Fig. 5 (dotted lines). Note that the performance is dramati-
cally degraded, especially in the 10–28 MHz band.
Before starting the optimization we need to have an idea

about the theoretically best possible TPG, i.e., for each
multiplexer channel. The procedure of calculating this has been
discussed elaborately in [10]. To calculate , the antenna

2Model#ST16025, http://www.reflectixinc.com
3http://www.feko.info

Fig. 5. Performance (TPG) of the multiplexer, assuming simulated impedance
of VHFmonopole. Solid lines represent the results after optimization and dotted
lines represent the results before optimization.

impedance is approximated using a series RC or series RL
model in each band. The procedure is specifically as follows.
1) For each channel’s geometric center frequency , the
impedance of the VHFmonopole antenna is calculated. 2) From
this impedance we calculate the value of the series resistance
, and the series capacitance or series inductance (de-

pending on the positive or negative reactance value). 3) Using
these values and the fractional bandwidths of each channel, the
theoretical TPG is given by the following equations [11]:

(11)

(12)

and the resulting minimum possible reflection coefficient
are

(13)

(14)

where will be for each channel . Although the
above bounds are useful to know the maximum achievable
bandwidth given a TPG constraint, in reality it is not reasonable
to specify a matching circuit with an infinite number of circuit
components as is assumed in (11)–(14). Fano obtained a modi-
fied version of the relationship presented above for a matching
circuit using a th order Chebyshev topology [7], and finds

(15)

where the values of and can be calculated as follows [11]:

(16)

(17)
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TABLE II
MAXIMUM THEORETICAL TPG CALCULATED FROM BODE-FANO LIMITS

ASSUMING BEST FIT RC/RL ANTENNA IMPEDANCES

where the parameter , and is defined as

(18)

where the impedance to be matched (i.e., ) is represented
as and connected in series, or and connected in
parallel, and is the fractional bandwidth in this case. Detail
procedure of this can be found in [10].
The results for the problem at hand are shown in Table II.

This table also shows the bound on TPG for a matching circuit
using 7th order Chebyshev topology. The latter are used as the

in (8).
Since the original Chebyshev filters were designed for 1 dB

ripple, initially the ’s were chosen to be 1 dB for all channels.
However, better results were obtained when the values of the
’s were changed to 10 dB, 3 dB, and 2 dB for Channels 1, 2,
and 3, respectively. Table III shows the final component values.
There is no special significance in the above values; we in-
clude them only for completeness in reporting our calculations.
The variation in the values comes about because better conver-
gence is obtained when the lowest frequency channel is allowed
the greatest “error”; presumably because the lowest frequency
channel also has the greatest fractional bandwidth.
The performance results after optimization using standard

component values is shown in Fig. 5. Note that the optimiza-
tion significantly improves the performance of Channels 1 and
3. Fig. 6 shows for various preamplifier noise figures such as
2 dB, 3 dB, and 4 dB. Note that this design achieves large
(factor of 5 or so) for the worst case of Celestial noise, despite
poor TPG, for preamplifier noise figure of 3.0 dB, which is a
reasonable noise figure to be achieved using currently available
RF devices. We conclude that the design is capable of Celestial
noise-dominated sensitivity for all three channels for preampli-
fier noise figures as high as 4 dB.

B. Experiment

The optimized multiplexer was implemented and fabricated
on a printed circuit board; see [10] for layout and component
details. Fig. 7 shows the multiplexer board during the field
measurement. Fig. 8 shows a block diagram of the experiment
setup. Fig. 9 shows the antenna. This experiment was per-
formed near Blacksburg, VA from 11:00 am to 5:00 pm local
time on November 29, 2008.
We measured PSD at the input of the spectrum analyzer

without multiplexer; i.e., , and also with multiplexer for

Fig. 6. Performance of optimized multiplexer for various preamplifier
noise figures, assuming only celestial noise.

Fig. 7. The multiplexer in the process of field testing.

Fig. 8. Block diagram of the field experiment setup. One multiplexer port was
tested at a time with the others connected into matched loads. Please visit Mini-
Circuits (Inc.) for detailed descriptions of the components shown in the figure
[12].

Fig. 9. Antenna and ground screen setup during the field experiment.

each channel; i.e., (three measurements of for three
multiplexer channels). From the measurements of and
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TABLE III
ORIGINAL AND NEAREST STANDARD COMPONENT VALUES FOR THE MULTIPLEXER AFTER THE OPTIMIZATION

FOR THE SIMULATED IMPEDANCE OF THE VHF MONOPOLE ANTENNA

Fig. 10. Measured integrated PSD at the input of spectrum analyzer, averaged
over 500 ms with 1 kHz spectral resolution.

, the TPG for each multiplexer channel is calculated using
(6), where the value of noise figure is 2.9 dB, as determined by
a cascade analysis of component gains and noise figures [10],
and is the total gain of the signal chain from multiplexer
output to spectrum analyzer input, which ranges between 52
to 44 dB between 10 to 80 MHz (decreasing with increasing
frequency).

C. Results

Fig. 10 and 11 show and . Note that strong interfer-
ence is present; in particular, a digital TV station (60–66 MHz)
and narrowband HF communications below 20MHz. To reduce
the effect of the interference, we averaged over frequency to re-
duce the effective resolution to 100 kHz. This greatly mitigates
the effect of the HF-band interference, since it exists in a rela-
tively small fraction of the spectral bins. It also reduces the vari-
ance of the digital TV spectrum. After frequency averaging, the
spectra and are sufficiently smooth and time-invariant
to proceed to calculation of TPG.
Fig. 12 shows the resulting measured TPG as well as the pre-

dicted TPG. Note the measured performance closely follows the

Fig. 11. Measured integrated PSD for each multiplexer channel, and also
without the multiplexer. Integrated over 500 ms with 1 kHz spectral resolution.
Note that the 177 dBm/kHz noise floor represents the limits of sensitivity of
the instrumentation, and thus masks the actual response below this level.

predicted performance, except near the band edges where be-
comes too low for accurate measurement as shown in Fig. 11.
Within each band, the agreement is sufficiently good that we can
conclude that the predictions summarized in Fig. 6 are valid; that
is, that we are Celestial noise-dominated for preamplifier noise
figure as high as 4 dB. Note that agreement for band edges is
limited by the sensitivity of the instrumentation; as shown in
Fig. 11 and 13, the channel-to-channel isolation is in fact very
high.

V. CONCLUSIONS

This paper described the use of a RF multiplexer to inte-
grate a simple antenna to a receiver with large, multiband tuning
ranges. The key idea is to improve bandwidth by allowing the
impedance mismatch to degrade in a controlled way such that
the sensitivity remains acceptable, and is nominally limited only
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Fig. 12. Performance (TPG) of the multiplexer as built with standard compo-
nent values. Solid lines represent the measured TPG from the field experiment
and dotted lines represent the predicted TPG based on laboratory measurements
of the multiplexer’s S-parameters.

Fig. 13. Laboratory measurement of the TPG of the multiplexer when the
source and load impedances are 50 , used in the computation of the prediction
curves in Fig. 12.

by external noise. This is effective because at low frequencies
where fractional bandwidth tends to be large, high external noise
makes impedance matching efficiency less important.
Although the results shown here are limited to the lower VHF

and upper HF ranges, we have already applied this idea to higher
frequency systems. In [10], we designed a system consisting
of a commercially available 418 MHz-resonant monopole com-
bined with a four-channel multiplexer for the frequency ranges
138–174, 220–222, 406–512, and 764–862 MHz, and showed
that this system can achieve external noise-limited sensitivity
in common noise conditions for front-end amplifier noise figure
on the order of 2 dB. However the performance of the imple-
mented hardware is limited at higher frequencies by availability
of suitable components and parasitic effects from PCB layout.
In this study, no attempt was made to optimize the an-

tenna—the burden was solely on the multiplexer. Antenna-mul-
tiplexer co-design (i.e., to design antenna and multiplexer
together to achieve jointly optimum performance) should be

considered as a possible way to further increase the overall
performance.
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1 Introduction

In this report we document some initial measurements of a simple reconfigurable monopole

antenna designed for use in a multiband land mobile radio (LMR) antenna system. The

concept of the antenna is described in [1]. The idea is to use the monopole with an antenna

tuner to achieve a useful level of performance in each of the bands of interest; namely,

VHF-Low (25-50 MHz), VHF-High (138-174 MHz), 220 MHz (220-222 MHz), UHF (406-

512 MHz), and 800 MHz (764-862 MHz). It is shown in [2] that a single 23.5 cm long

monopole is suitable for the UHF and 800 MHz bands, but unacceptable for the VHF–Low

through 220 MHz bands. In order to achieve a usable level of performance in the VHF–Low

through 220 MHz bands, a switchable extension to this 23.5 cm long monopole is proposed

in [1]. The concept is shown in Figure 1. The extension is 1.165 m in length, supported

by a section of Teflon tube. When switched off, the extension is disconnected, and the

monopole is essentially identical to the original monopole. When switched on, the extension

is connected, yielding a longer monopole.

Section 2 describes the prototype reconfigurable monopole antenna, and Section 3 shows

results of s11 measurements at the antenna terminals when connected to a 50 Ω load.

2 Prototype Antenna

Figure 2 shows the prototype reconfigurable antenna. The upper 20.5 cm of the base antenna

is hollow brass rod of 13/32 in diameter. The lower 3 cm is a NMO-to-3/8 in thread adapter.

One end of a 3/8 in bolt screws on to the adapter and the rest of the bolt is inserted into

the hollow brass rod. The extension is 1.135 m long solid aluminum rod with a diameter of

1/8 in The connection between the base and the extension is 30 mm in length.

The middle section of the antenna is shown in detail in Figure 3. A hollow teflon tube of

3/8 in diameter is inserted inside the brass rod and it extends out of the top of the brass rod

as shown in Figure 3. At the other end of this teflon tube the extension is attached. The
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Figure 1: Design of the reconfigurable antenna.

base and the extension are then connected to the relay using single–conductor wires. The

total length of the antenna is 1.4 m.

The switching between the two sections is done using a NAiS Model AGN2104H single-

coil latching relay. Since the relay is of the latching variety, no power is required except

to change state. A voltage of about 2.5 V across the coil is sufficient to activate the latch;

applying a signal of the opposite polarity changes the state. The power cable for the relay

is drawn through the inside of the brass rod.

The ground plane is 1.79 m × 1.19 m, constructed from 3 aluminum panels which are

bolted together. The ground plane is located approximately 1 m above an asphalt surface.

For the purposes of this study, this should be a reasonable surrogate for a vehicular trunk-

mounted installation. A hole is drilled through the ground plane to hold an NMO mount,

and the adapter at the end of the antenna is then connected to this mount.

All measurements are made using a Rhode Schwartz FSH3 spectrum analyzer with

4



tracking generator option, fitted with an FSH-Z2 VSWR bridge. The test setup is calibrated

to the end of coaxial cable with a NMO mount connector; thus the measurements account

for the monopole as well as the NMO-to-3/8 in. thread adapter.

3 s11 Measurement

In this section we present the results of s11 measurements at the reconfigurable antenna

terminal when it is connected to a 50 Ω load. In order to check the validity of the experimental

setup, the performance of the base antenna alone is first tested. (A similar test and the results

have already been reported in [2].) The results of s11 measurement are shown in Figure 4.

Also shown is the result obtained using a simple NEC-based method of moments computer

simulation, in which the monopole is divided into 13 segments. NEC results assume an

infinite ground plane. It is observed that the measurements show reasonable agreement

with the NEC results, considering the limitations of the NEC model. The antenna exhibits

resonance at around 300 MHz which, is expected since the antenna is about λ/4 long at this

frequency. However, there is some oscillation observed in the s11 measurement; especially

at the higher frequencies. This behavior can be attributed to the reflection of the waves

between the antenna and garage present in the proximity.

Now that we are confident about our experimental setup, we measure the s11 for the com-

plete reconfigurable antenna with the relay switched off. The results are shown in Figure 5.

Also shown is the result for the base antenna alone. It is observed that the performance of

the reconfigurable antenna in the relay–switched–off mode is different from that observed for

the base–antenna–alone case. Resonance at multiple frequencies other than around 300 MHz

is produced for the reconfigurable antenna. The behavior can be attributed to the capaci-

tive reactance introduced by the dielectric teflon present between the antenna segments. In

order to verify this theory a parametric study is performed where the distance d between

the base and the extension (as shown in Figure 1; but with the relay, connecting wires and
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Figure 2: Prototype reconfigurable antenna.
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Figure 3: Zoomed in to the middle section of the prototype reconfigurable antenna. (The
connecting wires were made much shorter for the original measurement )

power supply lines removed ) is varied and the s11 measurements are recorded. The results

are shown in Figure 6. It is observed that the distance between the base and the extension

affects the oscillation; as the distance increases resonance at frequencies other than 300 MHz

vanishes. Increasing the distance between the antenna segments decreases the capacitance

and therefore the behavior starts to follow the base–only case.

For the next set of measurements the complete reconfigurable antenna is tested with the

relay switched on. The results are shown in Figure 7. Also shown is the result generated

from a NEC simulation (segment length of 1.8 cm used irrespective of frequency). The

measurement agrees with the NEC predictions of resonant frequencies; however, s11 is higher

for the measurement than that observed in NEC results; especially in the UHF and 800 MHz

band. This behavior can again again be attributed to the close proximity of the garage.
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Figure 4: s11 measurement for only the base antenna. Also shown for comparison is the
result obtained with NEC.

In the last set of measurements the reconfigurable antenna is mounted on the trunk of a

four door sedan car using a trunk-lip NMO mount. s11 is again measured both with the relay

switched off and on. The results are compared with the aluminium–panel–ground case. The

results are shown in Figures 8 and 9. It can be observed that the results are comparable;

i.e., the aluminium–panel ground is indeed a good surrogate for the car-trunk.
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Figure 5: s11 measurement of the prototype reconfigurable antenna with the relay switched
off. Also shown for comparison is the result obtained with only the base antenna.
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Figure 6: s11 measurement for varying separation between the base antenna and the exten-
sion.

10



100 200 300 400 500 600 700 800 900
−20

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

|s
11

| (
dB

)

Freq (MHz)

 

 

relay−short
NEC

Figure 7: s11 measurement of the prototype reconfigurable antenna with the relay switched
on.

11



100 200 300 400 500 600 700 800 900
−20

−18

−16

−14

−12

−10

−8

−6

−4

−2

0

|s
11

| (
dB

)

Freq (MHz)

 

 

Aluminium−Panel Ground
Car Mounted

Figure 8: s11 measurement of car mounted prototype reconfigurable antenna with the relay
switched off.
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Figure 9: s11 measurement of car mounted prototype reconfigurable antenna with the relay
switched on.
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1 Introduction and Background

This report documents the design, construction, and laboratory evaluation of a prototype land
mobile radio (LMR) multiband antenna system, intended for vehicular installations. This antenna
system is being developed as part of our project “Antenna Systems for Multiband Mobile & Portable
Radio” [1]. The overall goal of this project is to develop and demonstrate LMR antenna systems
which can operate in the VHF-Low (25–50 MHz), VHF-High (138–174 MHz), 220–222 MHz, UHF
(406–512 MHz), and 764–862 MHz bands without physically changing antennas. In Phase I of the
project, we developed a simple monopole-type antenna augmented with an electronic antenna tuner,
and demonstrated the prototype; see [2] and references therein. In [3], we presented the Phase II
design concept, which proposed a number of improvements including:

• A reconfigurable monopole consisting of a “base element” supporting VHF-High and above
(similar to the Phase I design), plus a switchable “extension element” supporting lower fre-
quencies including the VHF-Low band.

• An improved frequency detection scheme in which transmit frequency is determined using
a frequency counter, replacing the approach used in Phase I which used a filter bank with
incoherent power detection.

• Dynamic monitoring of the impedance match to the antenna, enabling “closed loop” optimiza-
tion of the match in lieu of the Phase I “open loop” approach in which match configurations
were determined in advance and could not be optimized in response to installation details and
varying field conditions.

• Ability to utilize and control all 10 stubs of the Phase I stubline tuner (only 6 could be
controlled previously).

• Ability to support up to 10 W transmit power, whereas the Phase I design was able to support
only up to 1.5 W transmit power.

• Implementation in an enclosure suitable for field demonstration.

The reader is referred to [3] and references therein for analysis leading to the decisions represented in
the Phase II design presented here. Sections 2 and 3 of this report describe the design and laboratory
testing, respectively, of the Phase II antenna system.

2 Design of the Phase II Antenna System

System Overview. Figure 1 shows a block diagram of the Phase II system. It consists of a
monopole-type antenna, an automatic electronic antenna tuner, and cable sufficient to connect the
system to an existing multiband transceiver. In the event that this antenna system were to be used
with an existing installation consisting of multiple transceivers covering different frequency bands
in lieu of a single multiband transceiver, an RF multiplexer would be used, but no change to the
antenna or tuner would be required. A block diagram of the tuner is shown in Figure 2.

Reconfigurable Monopole. The design of reconfigurable monopole has been fully documented in
[4].

Antenna-to-Tuner Cable. The cable connecting the antenna to the tuner is 91.44 cm (36 in)
of United Microwave Products (Inc.) “Microflex150” semirigid coaxial cable, plus an SMA-female
to N-male adapter which adds about 3 mm to the total length. Although this type and length of
cable is not critical, the open-loop tuning solutions (i.e., those determined from detected transmit
frequency) assumes this particular choice, and would need to be changed if the cable type/length
were different. This is a firmware-only change. Closed-loop tuning (i.e., dynamic adjustment using
measurements of forward and reverse power) would not depend on the length of this cable.

2



Figure 1: Block diagram of the Phase II antenna system.

Figure 2: Block diagram of the antenna tuner.
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Figure 3: The stubline. When installed, open- or short-circuited lengths of coaxial cable are attached
to the SMA connectors along the length of the board. Each green module is a latching relay which
connects or disconnects the stub to the 50Ω microstrip line running horizontally from end to end.

Stubline. As in the Phase I approach, matching is accomplished using switchable open- or short-
circuited stubs located along a “stubline” inserted in the path between transceiver and antenna.
The design of the stubline is unchanged from the Phase I design [5], shown in Figure 3.

Open-Loop Tuning. A top-level description of the open-loop scheme for setting the stubline
relays is as follows: A small fraction (−20 dB = 1%) of the power flowing from the transceiver to the
antenna is diverted from the transmitted signal using a Mini-Circuits (Inc.) SYDC-20-13HP surface
mount directional coupler. The frequency of the transmitted signal is measured using the frequency
counting scheme described below, which employs an RF prescaler integrated circuit (IC) and a
Microchip (Inc.) PIC16F887 (“PIC”) microcontroller. Using a lookup table, the microcontroller
maps the measured frequency to a set of stubs to use (the “tuning solution”), and connects those
stubs to the microstrip line. A decision as to whether to use the low-frequency extension of the
reconfigurable monopole is also part of the tuning solution. We have not yet conducted a thorough
study to determine an optimum set of stubs to populate the 10 positions on the stubline. We have,
however, chosen a set of stubs which yields adequate performance for one frequency in each of the
five bands VHF-Low, VHF-High, 220 MHz, UHF, and 800 MHz. This is shown in Table 1, which also
defines the current algorithm (implemented as PIC firmware) for choosing among tuning solutions.

Closed-Loop Tuning. Simultaneously, tiny fractions of the forward (desired) and reverse (re-
flected) transmitted power are obtained at the antenna port using another SYDC-20-13HP coupler.
These signals are detected using an Analog Devices (Inc.) AD8364 dual-channel RF detector IC,
which outputs voltages which are log-linearly proportional to the input RF powers. These outputs
are measured by the PIC microcontroller and used to determine the quality of the match to the
antenna. This provides confirmation that the selected tuning solution is suitable; alternatively, if
the match is determined to be unacceptable, the PIC microcontroller may try small changes to the
tuning solution in an attempt to determine the present best choice for the frequency currently in
use. At the present time we have not yet implemented a closed-loop learning algorithm. However
we have tested the operation of the forward/reverse power measurement scheme (see Section 3), and
have implemented an LED indicator on the exterior of the enclosure that turns on when the VSWR
at the antenna port is determined to be > 3.
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Detected Stub Stub Stub Ant. Opt. Test
Band Frequency 3 5 10 Ext. Freq. VSWR Freq. VSWR
VHF-Low 25–50 MHz off off ON ON 40.0 2.6

50–137 MHz off off off ON
VHF-High 137–174 MHz ON off off ON 158.8 1.4 155.535 2.0

174–220 MHz off off off off
220 MHz 220–222 MHz off ON off off 221.0 1.4

222–406 MHz off off off off
UHF 406–512 MHz ON off off off 453.7 1.1 453.625 1.2

512–764 MHz off off off off
800 MHz 764–862 MHz ON off off off 885.0 1.2 851.150 1.6

Stub 3 is 15.5 cm of RG-58, terminated in a short circuit.

Stub 5 is 22.5 cm of RG-58, terminated in an open circuit.

Stub 10 is 67.0 cm of RG-142, terminated in a open circuit.

Table 1: Stubline configuration and tuning solutions used in the current implementation of the tuner.
Stubs are numbered 1 (closest to the antenna) through 10 (furthest from the antenna). “ON” means
the associated relay is closed, so the indicated stub or antenna extension is connected. Stubs not
indicated are not used (i.e., “off”). “Ant. Ext.” refers to the low-frequency extension element of the
reconfigurable monopole. “Opt. Freq.” is the frequency at which this tuning state presents optimum
VSWR to the transceiver. “Opt. VSWR” is the VSWR at the optimum frequency for the indicated
tuning state. “Test Freq.” and “Test VSWR” indicate frequencies for planned field testing, and
VSWR at those frequencies.

Hardware Implementation. As in the Phase I design, the PIC microcontroller used by the
Phase II tuner is installed on a Microchip (Inc.) DM164120-2 “PICkit 2 44-Pin Demo Board”,
shown in Figure 4. This board requires about 20 mA at +5 VDC. The stubline control signal is
fed to a custom “tuner board”, shown in Figure 5, which demultiplexes this signal into separate
TTL logic outputs for each stub relay as shown in Figure 6. In addition to demultiplexing the PIC
stubline control signal and driving the stubline relays, the tuner board also contains the couplers,
prescaler, and dual-channel log-power detector described above. Control signals are connected in
pairs to the relay coil terminals on the stubline tuner (i.e., neither side of the relay coil is grounded)
as shown in Figure 7. When a relay state change is required, one of the two outputs is pulsed high
while holding the other low. The relays are of the latching variety and require no power to maintain
state. Thus, the tuner will remain functional – albeit fixed in its last state – even if all power to the
unit is lost. The PIC microcontroller, tuner board, stubline, and all interconnections are mounted
to the lid of a Hammond Mfg. Model 1550N aluminum enclosure, as shown in Figure 7. The tuner
is made RF-tight simply by reassembling the enclosure. The completed and fully-assembled tuner
is shown in Figure 8.

Scheme for Estimating Transmit Frequency for Open-Loop Tuning. Figure 9 shows the
schematic for transceiver-side coupler, prescaler, and associated circuitry, which are implemented
on the tuner board. The signal from the coupler is input to an ON Semiconductor (Inc.) MC12080
prescaler IC.1 The prescaler divides the input frequency by 80, obtaining a frequency range between
0.3125 MHz (corresponding to 25 MHz) and 10.7750 MHz (corresponding to 862 MHz). The output
of the MC12080 prescaler is amplified to 1.9 V peak-to-peak, which is necessary to properly trigger
the PIC’s TMR0 (timer) clock input. This amplifier is implemented as a cascade of two common-
emitter transistor amplifier stages. TMR0 is an 8-bit timer configured to increment on the rising
edge of the signal from the prescaler. TMR0 rolls over on the 256th cycle, triggering an interrupt

1In contrast to what we reported in [3], we found this prescaler worked sufficiently well to 25 MHz that a separate
VHF-Low frequency detection scheme was not necessary.
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Figure 4: The PIC microcontroller board.

Figure 5: The tuner board. The left third of the board is transmit frequency detection sup-
port circuitry, the center third is stubline control demultiplexing, and the right third is for-
ward/reverse power measurement support circuitry. Note that the PIC microcontroller board is
mounted mezzanine-fashion underneath the tuner board.
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Figure 6: Tuner board schematic: Stubline control demultiplexer.

Figure 7: Interior of fully-integrated antenna tuner.
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Figure 8: Exterior of fully-assembled antenna tuner. The dimensions are 25 cm (W) × 25 cm (D)
× 10 cm (H). The antenna and transceiver ports are Type N connectors. The white plastic locking
Molex connectors are for DC power and antenna switch control.
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Figure 9: Tuner board schematic: Transceiver-side coupler and prescaler.

Figure 10: Tuner board schematic: Antenna-side coupler and forward/reverse power measurement.

service routine (ISR) which resets TMR0 and increments a count variable. Separately, Timer 1
(TMR1) of the PIC is used to track elapsed time. TMR1 is a 16-bit timer with a 3-bit prescaler,
which is driven by the PIC board’s internal 25 MHz clock oscillator. TMR1 is preset with a value
selected such that it rolls over after 0.5 s. The frequency of the signal from the prescaler can thus be
determined from the change in the TMR0 rollover count between TMR1 rollovers, and the actual
transmit frequency is this value times 80.

Scheme for Estimating Antenna Match Quality for Closed-Loop Tuning. Figure 10 shows
the antenna-side coupler and forward/reverse power measurement scheme. Note that all four analog
voltage outputs from the AD8364 power detector IC are provided to the PIC microcontroller, however
in the current implementation only OUTN is actually used. OUTN is proportional to transmitted
power (in dB) minus reflected power (in dB); thus OUTN nominally increases monotonically with
the quality of the impedance match between antenna and tuner.

3 Laboratory Evaluation of the Phase II Antenna System

In this section we report on laboratory testing of the Phase II antenna system.

Reconfigurable Monopole. Laboratory testing of reconfigurable monopole is documented in [4].
See below for additional details concerning the combined antenna + tuner system.
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Figure 11: Insertion loss measured between tuner signal (antenna & transceiver) ports.

Power Consumption. The tuner consumes 150 mA (quiescent) at +12.5 VDC input. The input
is regulated and will accept 12–15 VDC, so it is compatible with vehicle electrical systems.

Insertion Loss. Figure 11 shows insertion loss for the system. The signal path is end-to-end
through the tuner and includes the stubline (all relays open) and both couplers. The insertion loss
is seen to vary between 0.5 dB and roughly 4.0 dB between 25 MHz and 900 MHz. The loss in
17 ft (a typical length for vehicular installation) of RG-58 ranges from about 1 dB to about 3 dB
over the same frequency range, so the insertion loss of the tuner may significantly limit performance
at the higher frequencies and thus is an area for future improvement. The distribution of loss in
the antenna system is as follows: The rated insertion (mainline) loss for each coupler is between
0.1 dB and 0.7 dB, increasing with increasing frequency. Thus the contribution of both couplers to
the insertion loss is 0.2–1.4 dB. It is known from [5] that the stubline contributes less than 1 dB to
the insertion loss (roughly 0.4 dB from loss in the microstrip line and roughly 0.5 dB from parasitic
loss associated with interconnects to relays). The ripple in the frequency response is due in part to
the portion of each relay which is always in contact with the microstrip line, thus presenting a very
short stub which perturbs the impedance.

Impedance Match to Antenna. Figures 12–16 show the frequency response for each of the five
tuning solutions specified in Table 1, represented in terms of the magnitude of reflected power (|s11|)
measured at tuner’s transceiver-side port. Note that these measurements include the insertion loss
described above; that is, these measurements are “as is” at the tuner port, and no attempt is made
to discriminate between transmission from the antenna and loss within the antenna tuner.

We also made a measurement for the case in which all stubs are off and the extension element is ON,
shown in Figure 17. This does not correspond to any particular tuning solution, but is included to
show the “untuned” performance of the reconfigurable monopole with the extension element ON.

Minimum Transmit Power Required for Frequency Detection. The minimum transmit
power required from the transceiver for frequency detection is shown in Figure 18. Note that the
tuner is quite sensitive, requiring no more than +12 dBm (16 mW) at 25 MHz and −14 dBm (43 µW)
at 900 MHz from the transceiver to properly determine the frequency.
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Figure 12: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port for the
40.000 MHz test frequency indicated in Table 1.
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Figure 13: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port for the
155.535 MHz test frequency indicated in Table 1. The glitches just above and below 100 MHz are
interference from FM broadcast signals.
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Figure 14: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port for the
221.000 MHz test frequency indicated in Table 1.
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Figure 15: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port for the
453.6 MHz test frequency indicated in Table 1.
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Figure 16: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port for the
851.150 MHz solution indicated in Table 1.
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Figure 17: Magnitude of reflected power (|s11|) measured at tuner’s transceiver-side port with all
stubs off and the extension element ON. This measurement is shown only to demonstrate that the
extension element is operational, and does not represent an attempt to tune the system within the
VHF-Low band. Note this measurement (only) was made inside.
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Figure 18: Minimum transmit power required from the transceiver for frequency detection.

Frequency Estimation Error. The scheme described in Section 2 estimates transmit frequency
by counting cycles of the prescaler output over a period of time determined by the PIC’s internal
oscillator. Frequency counting imparts a quantization error, since partial cycles are not counted.
Figure 19 shows a laboratory measurement of frequency error, where the PIC’s estimate of frequency
was determined by routing the necessary bits to pins where the values could be determined. The
quantization error is apparent as a sawtooth pattern, which is worse at lower frequencies as expected.
The peak error is less than 7% above 138 MHz, but can be as much as 30% in the 25–50 MHz band.
Since the impedance bandwidth of the reconfigurable monopole is on the order of 5%, this error is
acceptable above 138 MHz, but is obviously not reliable in 25–50 MHz band except as a means to
determine that the transmit frequency is somewhere in this band. Fortunately, the forward/reverse
power measurement scheme is reliable in this band, and can be used for closed-loop tuning. It should
also be noted that the PIC microcontroller’s 25 MHz oscillator is not perfectly stable, thus there is
some bias in elapsed time that manifests as an additional error that increases monotonically with
frequency. This error was not measured explicitly, but is represented in the Figure 19 since the
transmitter and tuner were not synchronized.

Accuracy of Forward/Reverse Power Measurement. The AD8364 IC on the tuner board
measures forward (transmit) and reverse (reflected) power at the output of the tuner. These are
presented to the PIC microcontroller as the voltage signals OUTB and OUTA, respectively. Figure 20
shows OUTB and OUTA for a +20 dBm carrier applied to the transceiver side of the tuner, as
the carrier is swept from 25 to 900 MHz. As expected, the measured transmit power (OUTB) is
approximately independent of termination and frequency. Also as expected, the measured reflected
power (OUTA) tends to be less when the antenna port is terminated into a matched load. However,
there is quite a bit of variation in absolute measured reflected power as a function of frequency, and
the difference is ambiguous between 500 and 600 MHz. The current implementation of the tuner
uses the AD8364’s OUTN output as the metric of match quality, where OUTN = OUTB − OUTA
+ a reference voltage (about 2.5 V). Thus, a larger value of OUTN corresponds to better impedance
match. The OUTN signal corresponding to the data shown in Figure 20 is shown in Figure 21. Note
that the OUTN signal corresponding to an ideal (50Ω) match is unambiguously larger than that
corresponding to a very poor match (an open circuit), except in the range 450–700 MHz. Thus, the
problem with the OUTA (reflected power) measurement needs to be fixed before this tuner could be
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Figure 19: Error in frequency estimation.

used in the upper portion (i.e., above 450 MHz) of 406–512 MHz public safety band. Outside this
range, however, the performance is satisfactory.
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Figure 20: The AD8364 IC’s OUTB (transmit) and OUTA (reflected) signals in response to a
+20 dBm carrier applied to the transceiver side of the tuner. Left: Antenna port terminated into a
50Ω load, Right: Antenna port left open-circuited.
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1 Summary

This report documents field evaluation of a prototype land mobile radio (LMR) multiband antenna
system, intended for vehicular installations. This antenna system is being developed as part of our
project “Antenna Systems for Multiband Mobile & Portable Radio” [1]. The overall goal of this
project is to develop and demonstrate LMR antenna systems which can operate in the VHF-Low
(25–50 MHz), VHF-High (138–174 MHz), 220–222 MHz, UHF (406–512 MHz), and 764–862 MHz
bands without physically changing antennas. The present (“Phase II”) design of the system consists
of a reconfigurable monopole-type antenna consisting of a base element plus a switched extension
element, and an automatic electronic antenna tuner, and is documented in [2].

Preliminary field measurements using the antenna with a rudimentary version of the antenna tuner
have already been reported in [3]. This document describes similar field tests using a completed
implementation of the tuner in the VHF-High, UHF, and 800 MHz bands. The measurement
methodology is described in Section 2. In each band the performance of the Phase II antenna
system is compared that of a commercial antenna using an analysis of signals received from actual
LMR transmitters. The results are summarized in Section 3; in particular, in Figures 2–4.

2 Measurement Methodology

The setup used to perform the field measurements is shown in Figure 1. The Phase II reconfigurable
antenna and the commercial (reference) antennas are mounted on their own individual aluminum
ground planes, each about 1.2 m × 0.6 m in size. The ground planes are mounted to the top of a cart,
which carries all other instrumentation (including, in the case of the Phase II system, the antenna
tuner) on a lower shelf. For both systems there is a total of about 6 ft of semi-rigid 50 Ω coaxial
cable between antenna terminals and receivers. Also, variable step attenuators are inserted at the
inputs to both receivers in order to lower audio signal-to-noise ratio (SNR) to values in the 5–35 dB
range, where small differences in antenna system performance result in relatively large differences
in audio SNR. These attenuators were set to 25 dB for VHF-High, 26 dB for UHF, and 23 dB for
800 MHz measurements based on initial trials indicating that these were reasonable values. Audio
from each receiver was captured simultaneously to identical but separate netbook-class computers.

After the experiment, the digitized sound files were examined using the technique documented in
[4] and [5]. Summarizing: For each separate and identifiable transmission recorded, the SNR of
the private line (PL) tone within a 270 Hz (3 dB bandwidth) span of the sub-audio portion of
the signal was estimated separately for the signals from the Phase II antenna system and from the
commercial antenna. The integration time used for PL tone SNR estimation was 100 ms. The relative
performance of these antennas was then determined by comparison of the audio SNRs accumulated
over many transmissions, as shown in Figures 2–4.

All measurements reported in this document were performed on the third floor balcony of Whitte-
more Hall, on the main (Blacksburg, VA) campus of Virginia Tech. To mitigate against systematic
bias from multipath fading, the cart shown in Figure 1 was periodically reoriented. The measure-
ments in each orientation as well as results for the the combined set of orientations is reported in
each case.

The tuning solutions used in the Phase II system were as indicated in [2], except the VHF-band
measurements used Stub 3 (i.e., Stub 3 “ON”), which was found to yield a slightly better antenna
match in a measurement immediately proceeding the data collection. In each case the tuning solution
was fixed once data collection began; i.e., the tuner was not allowed to adapt using closed-loop tuning.

Table 1 shows the specific LMR systems that were monitored to collect data for this study. Also
indicated is the commercial antenna which was used in each case. The Laird Tech. Model C150/450C
is a dual-band antenna marketed for use in the 150–174 MHz and 450–474 MHz bands, whereas the
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Figure 1: Location and test fixture. The Phase II antenna and commercial antenna (in this case,
Laird Tech. Model C150/450C) appear to the left and right, respectively, in the top two figures.
The Phase II tuner is the aluminum box located directly under the Phase II antenna. Views are:
top/left, approximately Southwest; top/right, approximately Northwest; bottom/left, approximately
South; bottom/right, approximately North.
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Band Freq PL System/ Commercial
Band MHz Hz User Antenna
VHF-High 155.535 162.2 VT Police Laird Tech. C150/450C
UHF 453.625 203.5 Blacksburg Transit Laird Tech. C150/450C
800 MHz 851.150 186.2 Blacksburg Police Laird Tech. B8065C

Table 1: LMR systems and commercial antennas used for testing in each band.

Laird Tech. Model B8065C is a single-band antenna marketed for use in the 806–896 MHz bands.
Additional information on the performance of these commercial antennas can be found in [3] (see
esp. Figures 1 and 3) as well as [6].

3 Results

155.535 MHz. Figure 2 shows the estimated SNR for each transmission simultaneously received by
both the antenna under test (the Phase II antenna system) and the reference (commercial) antenna
indicated in Table 1. In this representation, each point of the scatter plot represents a transmission,
and the vertical and horizontal coordinates are the observed audio SNRs obtained from the Phase II
system and the commercial antenna, respectively. Thus, data points above or below the diagonal line
indicate that the Phase II system is performing better or worse, respectively, than the commercial
antenna. Note that there is considerable scatter in results; this is as expected due to the time-varying
nature of multipath fading, which can be expected to have similar characteristics everywhere (i.e.,
this is not a phenomenon specific to the test location) and underscores the importance of using
multiple orientations as explained in Section 2.

Figure 2 also shows a statistical analysis of this data. Note first that the result using all data from
both orientations (“Combined”) indicates that the Phase II system is, on average, +0.3 dB better,
with a correlation coefficient r = +0.42. The rather large standard deviation is probably attributable
to time-varying multipath conditions. The prevalence of multipath is further confirmed by the large
difference in performance between the two orientations; clearly one of the two possible antenna
positions is significantly better than the other. We conclude that the Phase II system is certainly
performing better on a statistical basis, and perhaps is also consistently better, although the later
is difficult to ascertain since it is obviously impossible to evaluate both antennas simultaneously at
the same location.

453.625 MHz. Figure 3 shows the estimated SNR for each transmission simultaneously received by
both the antenna under test (the Phase II antenna system) and the reference (commercial) antenna
indicated in Table 1, in the same manner as for the 155.535 MHz testing described above. Figure 3
also shows a statistical analysis of this data. Note first that the result using all data from both
orientations (“Combined”) indicates that the Phase II system is, on average, +3.2 dB better, with
a correlation coefficient r = +0.92, and a much smaller standard deviation than the VHF-High
measurements. We also note once again that one of the orientations is statistically better than the
other. We conclude that the Phase II system is performing significantly better than the commercial
antenna at 453.625 MHz.

851.150 MHz. Figure 4 shows the estimated SNR for each transmission simultaneously received by
both the antenna under test (the Phase II antenna system) and the reference (commercial) antenna
indicated in Table 1, in the same manner as for the 155.535 MHz and 453.625 MHz testing described
above. Figure 4 also shows a statistical analysis of this data. The result using all data from both
orientations (“Combined”) indicates that the Phase II system is, on average, about 2.5 dB worse
than the commercial antenna. This corresponds to RF SNR difference of roughly 1 dB [5] between
the two antenna systems.
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We have identified two possible reasons for the relatively poor performance in this band. One reason
may be that the tuning solution was not optimally set; recall that closed-loop tuning was disabled for
this test. Another possible reason is insertion loss from the directional couplers used in the Phase II
tuner’s “tuner board”, which is significantly worse in the 800 MHz band than at lower frequencies
[2]. Either reason would be consistent with our previous finding that the reconfigurable antenna
+ stubline-only system evaluated in [3] exhibited audio SNR performance comparable to the same
commercial antenna used in this study in this band. Thus, we believe that simple adjustments to the
Phase II system would be sufficient to realize the same relative level of performance in the 800 MHz
band as is exhibited in the VHF-High and UHF bands.
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Commercial (Reference) Antenna Audio SNR [dB]

Orientation 1
Orientation 2

Equal Performance Threshold

Orientation No. Transmissions mean(y − x) std(y − x) r

1 10 +0.5 dB 2.5 dB +0.94
2 18 +0.2 dB 6.6 dB −0.28

Combined 28 +0.3 dB 5.4 dB +0.42

Figure 2: 155.535 MHz: Top: Estimated audio SNR for each transmission simultaneously received
by both the Phase II antenna system and the commercial antenna. Bottom: Statistical analysis
of the above data. x and y correspond to the measured SNRs, in dB, for the commercial antenna
and Phase II system respectively, so “mean(y − x)” is positive when the Phase II system is better.
“std(y − x)” is the standard deviation of y − x. r is the correlation coefficient between y and x.
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Commercial (Reference) Antenna Audio SNR [dB]

Orientation 1
Orientation 2

Equal Performance Threshold

Orientation No. Transmissions mean(y − x) std(y − x) r

1 28 +1.5 dB 3.7 dB 0.90
2 30 +4.7 dB 2.9 dB 0.97

Combined 58 +3.2 dB 3.6 dB 0.92

Figure 3: 453.625 MHz: Top: Estimated audio SNR for each transmission simultaneously received
by both the Phase II antenna system and the commercial antenna. Bottom: Statistical analysis
of the above data. x and y correspond to the measured SNRs, in dB, for the commercial antenna
and Phase II system respectively, so “mean(y − x)” is positive when the Phase II system is better.
“std(y − x)” is the standard deviation of y − x. r is the correlation coefficient between y and x.
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Commercial (Reference) Antenna Audio SNR [dB]

Orientation 1
Orientation 2

Equal Performance Threshold

Orientation No. Transmissions mean(y − x) std(y − x) r

1 27 −1.8 dB 3.0 dB +0.92
2 28 −3.2 dB 3.2 dB +0.86

Combined 55 −2.5 dB 3.1 dB +0.89

Figure 4: 851.150 MHz: Top: Estimated audio SNR for each transmission simultaneously received
by both the Phase II antenna system and the commercial antenna. Bottom: Statistical analysis
of the above data. x and y correspond to the measured SNRs, in dB, for the commercial antenna
and Phase II system respectively, so “mean(y − x)” is positive when the Phase II system is better.
“std(y − x)” is the standard deviation of y − x. r is the correlation coefficient between y and x.
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1 Introduction

This report describes a possible non-Foster augmentation for a multiband land mobile radio (LMR)
antenna system being developed under our project “Antenna Systems for Multiband Mobile &
Portable Radio” [1]. The antenna system is intended for use in multiband vehicle-mounted push-
to-talk systems, such as those commonly employed in public safety organizations, operating at
frequencies ranging from about 25 MHz to about 900 MHz in 5 bands. The most recent version of the
antenna system is known as the “Phase II” design, which is documented in [2] and references therein.
This design consists a reconfigurable (two-state) monopole with a separate electronic tuner that
selects the state of the reconfigurable monopole and automatically matches the antenna impedance
using an internal network of tuning stubs. As explained in Section 2, the benefit of Non-Foster
technology in systems such as this is the ability to achieve larger instantaneous bandwidths and/or
smaller antennas. The benefit of larger instantaneous bandwidth is the ability to effectively receive
signals over a larger frequency range simultaneously; that is, without reconfiguring the antenna or
changing the tuning solution implemented within the tuner. Based on these considerations, Section 3
describes what appears to be the most suitable and realistic application for Non-Foster technology
for our antenna system: Eliminating the low-frequency extension of the reconfigurable monopole and
broadbanding the performance in the VHF-Low (25–50 MHz) band. Section 4 explores the practical
requirements for a non-Foster solution to this problem. Section 5 then describes a preliminary design
and shows the expected performance.

2 Introduction to Non-Foster Technology

Foster’s Theorem states that the first derivative with respect to frequency of the reactance of a passive

lossless two-port circuit is always positive. Specifically, the reactance of lossless (but otherwise
physically-realizable) capacitors and inductors, and of circuits containing any combination of these
devices, always increases with increasing frequency. As it turns out, the reactance of electrically-
small antennas is negative (“capacitive”), very large, and also increases with increasing frequency. A
perfect single-frequency match to an electrically-small antenna is always possible in principle, since
one can always specify a series inductor whose negative reactance exactly cancels the antenna’s
capacitive reactance at one frequency, and then a transformer can be used to match the real part
of the antenna’s impedance without introducing additional reactance. However the reactances of
both the antenna and the series inductor increase with frequency, thus the match quickly “unravels”
away from the nominal frequency. What is needed for a truly broadband match is not an inductor,
but some other device which has also positive reactance but which decreases with frequency in the
same manner that the antenna’s reactance increases with frequency. A “negative capacitor” – a
device whose capacitance is opposite in sign to that of a conventional capacitor – would have these
characteristics, but is physically unrealizable as it would violate Foster’s Theorem. Similarly, no
other passive lossless device or combination of such devices can have this characteristic.

A “non-Foster” device (or circuit) is one which exhibits reactance which decreases with frequency;
for example, the negative capacitor described above. Such a circuit is physically realizable only if it
is active; that is, non-Foster behavior requires a source of power distinct from the signal of interest.
Thus, non-Foster devices typically involve devices such as transistors or operational amplifiers that
can apply gain to signals. An important class of non-Foster circuits are negative impedance converters

(NICs), which change the sign of the impedance of physical devices and circuits – e.g., transforming
a capacitor into a negative capacitor, an inductor into a negative inductor, and (generally) trans-
forming the impedance of a circuit with impedance Z(f) (where f is frequency) into −Z(f). A
seminal discussion of NIC circuit theory appears in Linvill (1953) [3]. An early demonstration of
NIC-implemented negative capacitance to the broadbanding of electrically-small antennas appears
in Bahr (1977) [4], who demonstrated the principle for a short monopole operating in 30–60 MHz,
but encountered stability and noise problems which made the approach impractical. The concept
has in the last decade been revived and demonstrated by others with somewhat greater success; see
in particular Sussman-Fort (2006) [5] and Sussman-Fort & Rudish (2009) [6]. The latter is notable
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as it includes a reproducible NIC design for a 15 cm monopole which appears to be effective in
20–120 MHz. Thus, this design might be applicable to the 23-cm monopole used in the Phase I
design and in the “base element” of the Phase II design operating in the VHF-Low (25–50 MHz)
band. This idea is pursued further in Sections 3–5.

Before proceeding, it is appropriate to consider what other applications non-Foster technology might
have in improving the capabilities of the Phase II antenna system. In principle, the ability to
employ non-Foster impedances as antenna matching elements removes limitations on the achievable
bandwidth of matching. These limitations are quantified in the Fano-Bode relationships [7] (see
also the much more readable [8]), which constrain the frequency range over which the reflection
coefficient at the antenna terminals can be better than a given specification. One typically finds that
for “thin” monopoles longer than about one-fifth of a wavelength with passive matching networks,
voltage standing wave ratios (VSWRs) ≤ 2 are possible over bandwidths less than ≈ 5% at best. For
electrically-short monopoles, the situation ismuch worse, as will be demonstrated in Section 3. Thus,
an obvious application for non-Foster matching in the present project is to extend the instantaneous
impedance bandwidth to cover entire bands simultaneously, which is not generally possible with the
stub-tuning approach employed by the Phase II tuner. However all recent investigators (including
the authors of [5] and [6]) have noted the extreme difficulty in implementation of NIC circuits above
100 MHz. Due to the limited time and resources remaining in this project, we choose to focus on
the VHF-Low (25–50 MHz) band, where the existing technology seems most likely to be successful.

A non-Foster match in the VHF-Low band for the reconfigurable monopole in either state could
be expected to allow the instantaneous impedance bandwidth to be increased, potentially covering
the entire band and removing the need to tune within this band. A non-Foster match for the
reconfigurable monopole in the high-band state (i.e., using only the 23 cm-long base element) that
covers the entire VHF-Low band (25–50 MHz) might render the extension element unnecessary,
resulting in a much more compact antenna that is also simpler in that it does not need to be
reconfigurable. For this reason we will focus on the possibility of an acceptable VHF-Low receive
capability using only the 23 cm base element from the Phase II design, using non-Foster matching.

3 Problem Statement: A Broadband Electrically-Short

Monopole for VHF-Low

In light of the above considerations, we now pose the specific problem that will be addressed in
Phase III of this project: Using the Phase I 23.5 cm high × 5 mm radius monopole from [9],
further analyzed as the Phase II base element in [10], develop a system derived from the NIC design
described in [6] that achieves acceptable performance for the entire VHF-Low band (25–50 MHz);
and, secondarily, optimize that performance.

To more clearly illustrate the nature of the problem, we consider the performance of traditional (i.e.,
not non-Foster) solutions to the above problem using data which we originally reported in [10]. We
begin with the self-impedance ZA of the antenna, shown in Figure 1. As expected, the reactance
(XA) is large and negative, ranging from −1583 Ω at 25 MHz to −776 Ω at 50 MHz. Also note that
the real part of the impedance (RA) is quite small relative to both the antenna reactance and the
nominal characteristic impedance (50 Ω), ranging from 0.19 Ω at 25 MHz to 0.75 Ω at 50 MHz.

There two methods by which we may anticipate the limits of impedance matching in this case.
One approach is to consider that the nominal factional bandwidth B is approximately equal to
the reciprocal of the intrinsic quality factor Q of the antenna. The quality factor in this case is
approximately equal to

Q ≈
1

(kb)
3
+

1

kb
(1)
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Figure 1: Real (RA) and imaginary (XA) parts of the impedance ZA of a 23.5 cm high × 5 mm
radius monopole over an infinite perfectly conducting ground plane.
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Figure 2: Reactance of the antenna compared to the reactance of a 4.06 pF capacitor.

where k = 2π/λ, λ is wavelength, and b is the radius of a sphere which just barely encloses the
antenna. In this case, we have Q ≈ 1059, so B ≈ 0.09%, which is just 38 kHz at 40 MHz. An
alternative approach to the same question is as follows: Figure 2 demonstrates that the reactance of
the antenna in 25–50 MHz is well-modeled as that of a 4.06 pF capacitor. Since the real component
of the antenna impedance is orders of magnitude smaller, it is reasonable to model the antenna
impedance as a 0.478 Ω resistor in series with a 4.06 pF capacitor. From Fano-Bode theory, the
bandwidth Bmax over which VSWR ≤ 2 can be obtained for this circuit is approximately upper-
bounded by [8]

Bmax ≈
2π2f0RC

ln 3
(2)

where f0 is the nominal frequency, and R and C are the values of the series resistance and series
capacitance, respectively. For f0 = 40 MHz, R = 0.478 Ω and C = 4.06 pF, we obtain Bmax ≈ 0.14%,
which is just 56 kHz at 40 MHz. Thus we find that the upper bounds on bandwidth for VSWR
≤ 2 (i.e., 38 kHz and 56 kHz) are in reasonable agreement given the nature of the approximations,
and indicate that using the theoretically best-possible match the bandwidth that could be expected
would be no greater than the span occupied by 3–4 adjacent 12.5-kHz LMR channels. Thus any
match which could improve the VSWR ≤ 2 bandwidth to cover a large fraction of the VHF-Low
band would be have to be non-Foster in nature, and would be very impressive.

Furthermore, note that the above bounds represent theoretical limits, and that any practical match
will be much worse. For example, one might consider a simple match consisting of a series inductor
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Figure 3: VSWR after matching the 23 cm monopole with 3.90 µH series inductance followed by a
transformer to match the real part of the impedance. Note that the frequency span is just 100 kHz
around 40 MHz.

to cancel the negative reactance of the antenna at 40 MHz, followed by a transformer to match the
real part of the impedance. The required inductor is 3.90 µH. Figure 3 shows the resulting VSWR
for this match. Note the bandwidth for VSWR ≤ 2 is about 15 kHz, which is consistent with (i.e.,
much less than) the bounds estimated above.

4 Non-Foster Design Considerations

To begin, let us consider how much the bandwidth could possibly be increased using a series non-
Foster element. Figure 4 shows the VSWR obtained using a series matching reactance equal but
opposite in sign to that of the antenna, thus zeroing the antenna reactance, followed by a 1:11
transformer to match the real part of the antenna impedance to 50 Ω at 40 MHz. Note the VSWR
is nearly 2 or better over 25–50 MHz. Therefore a series non-Foster reactance alone is, in principle,
sufficient to obtain the desired performance.

Next we assume a perfect NIC is available, and we use it to transform a capacitance of 4.06 pF (from
Figure 2) in the associated negative capacitance with the goal of producing a suitable canceling
reactance. Figure 5 shows the result. Although Figure 2 indicates that the antenna reactance is
well-modeled as a 4.06 pF capacitor over this frequency range, the error is nevertheless large enough
to dominate the total impedance. This is because the real part of the impedance is relatively small
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Figure 4: VSWR after zeroing the reactance of the 23 cm monopole using a series non-Foster
reactance, followed by a 1:11 transformer to match the real part of the impedance.
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– only about 0.5 Ω at 40 MHz. As a result, the VSWR bandwidth is not much better than can
be achieved using conventional passive matching. To do better, a reactance which more precisely
matches the antenna reactance is required.

After some trial and error, a series combination of a 4 pF capacitance and a 60 nH inductance was
found to yield sufficiently good results, shown in Figure 6. The frequency range for VSWR ≤ 2 is
now about 37–45 MHz (≈ 20% bandwidth), which is dramatically better than the bandwidth that
can be achieved by passive matching (< 0.1%, as demonstrated earlier). No doubt this could be
further improved by additional fine adjustments to the capacitance and inductance; however, this
is probably not reasonable in practice since the both the actual reactance of the antenna could be
significantly different, and it is quite difficult to precisely set capacitance and inductance at the low
levels needed here.

5 A Preliminary System Design

Based on the above considerations, Figure 7 shows a preliminary design for a 23 cm high × 5 mm
radius monopole that could be usable over the entire 25–50 MHz range. The NIC is the design from
[6]. The capacitance is variable over 1–10 pF to account for the likelihood that in situ tuning will be
necessary due to the inability to precisely estimate the antenna reactance in advance, and also due
to limits in the precision with which physical reactances can be implemented. The variable capacitor
would most likely be implemented as a varactor diode (also known as “varicap”).
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Figure 5: Matching a 23 cm monopole using a −4.06 pF series capacitor followed by a 1:11 trans-
former to match the real part of the impedance. top: Impedance looking into transformer from
transceiver. bottom: VSWR with respect to 50 Ω.
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Figure 6: Matching a 23 cm monopole using a series combination of a −4 pF series capacitance and
−60 nH inductance, followed by a 1:11 transformer to match the real part of the impedance. top:

Impedance looking into transformer from transceiver. bottom: VSWR with respect to 50 Ω.
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Figure 7: Preliminary design for a non-reconfigurable 23-cm monopole for the VHF-Low band using
non-Foster matching.
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1  Introduction 
 

A simple monopole antenna such as is often used in a mobile radio installation is typically designed to 

operate in a resonant mode. Resonance is defined as the frequency where the antenna terminal 

impedance is purely resistive (having a zero reactive component). Although exact resonance only occurs 

at a single frequency, the antenna will have some bandwidth where the reactive component of the 

impedance is small. The resistance presented at the monopole antenna terminals is primarily radiation 

resistance. Radiation resistance is due to energy that is actually radiated from the antenna. When 

receiving, radiation resistance is the impedance of the antenna, as a source.  

 It is desirable to operate over some range of frequencies. As the operating frequency moves away from 

resonance the radiation resistance changes gradually but the reactance changes fairly rapidly. At some 

point the impedance gets far enough from the nominal value to cause significant signal loss. Circuit 

theory provides no fixed network of passive components that will completely compensate for the 

mismatch at the antenna terminals over a wide band of frequencies.  The goal of Non-Foster Matching is 

to compensate for the mismatch by canceling the reactance at the antenna terminal with a reactance 

having the opposite sign but the same frequency dependence. Non-Foster matching requires the use of 

some combination of components including a negative capacitor or negative inductor.  These non-Foster 

elements are only produced artificially with active (e.g. transistor) circuits.  Such a circuit is known as a 

Negative Impedance Converter (NIC). A plan for implementing a NIC as part of antenna system is 

outlined in a report by Ellingson [1]. 

This study attempts to implement a negative capacitor. A negative capacitor has the same magnitude of 

reactance but the opposite sign as the reactance of the corresponding capacitor. The reactance of a 

capacitor  has a negative sign. The reactance of a negative capacitor will, therefore, have a positive sign. 

That means that the negative capacitor appears to be an inductor when evaluated at a single frequency. 

The frequency dependence of  a negative capacitor is the inverse of the inductor, however [2].  

The Negative Impedance Converter was implemented and shown to produce a reactance that canceled 

the reactance of a fixed capacitor in both a series and shunt configuration. Direct measurements of the 

NIC input impedance were made using a Vector Network Analyzer (VNA). VNA measurements 

demonstrated that the NIC could produce a reactance having the same sign as a negative capacitor (or 

an inductor). The anticipated frequency dependence of a non-Foster reactance was not demonstrated, 

however.  

2  Circuit Description 
 

The NIC tests were performed on a Linville OCS (Open Circuit Stable) design presented by Sussman-Fort 

and Rudish [3].  Their circuit was provided with component values. No layout or component list was 
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provided, however. The goal of this study was to reproduce it as closely as possible and study its 

characteristics.  

This particular Linville OCS NIC is a two port feedback device. It is normally operated in a shunt mode 

where one port presents the non-Foster impedance while the other port connects to an ordinary 

impedance that is to be transformed to a non-Foster impedance. The first port presents the non-Foster 

impedance (in shunt) with respect to ground. Shunt mode operation limits the utility of the circuit to 

cases where either the NIC is in parallel with the remaining circuit or where the remaining circuit is 

floating with respect to ground.  

Since the circuit is  “open circuit stable”, it tends to be stable when the impedance at the terminals 

combined with the impedance of the NIC is high. If the impedance is low the circuit may oscillate. 

The ideal Linville OCS NIC is expected to produce a  capacitance of  Cin = -(R1/R2)CL .  The actual value will 

vary somewhat due to variations in real components as well as the bias and compensation components 

required for the real design [3]. 

 

3  PSPICE Simulation 
 

The NIC circuit (fig. 1) was simulated in PSPICE circuit simulation software.   The initial simulations were 

performed with all components at the values provided by Sussman-Fort and Rudish [3].  The initial value 

Figure 1: NIC Circuit of Sussman-Fort and Rudish. 
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of C2 was 47pF. All passive components were treated as ideal devices. The transistors were modeled as 

real devices, however. The circuit was found to be stable in simulation under several load conditions 

including direct connection, series and parallel capacitance (figs. 3A, 3B and 3D).  

The final simulation was done with C2 having a 4700pF (4.7nF) value after that was found to be more 

stable in practice. A series capacitance simulation was tested using values of CL=47pF and C=60pF. The 

results were plotted separately as magnitude of Z and phase (fig. 2). The plots display a resonance at 

about 30 MHz. This is similar to the measured result shown below in figures 4 and 5. 

 

 

Figure 2: PSPICE Simulation of NIC with CL=47pF and C=60pF Series Capacitance. 
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Figure 3: NIC Test Cases 
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4  Testing and Measured Results 
 

A NIC printed circuit board was produced and populated for testing. The circuit closely followed the 

Sussman-Fort design. Some changes were made at C1, C2 and C10.  A detailed schematic is shown below 

in figure 10.  

The NIC was tested in several configurations as shown in Figure 3. Zvna represents the Vector Network 

Analyzer (VNA) with its 50 Ohm port impedance. CL is the load impedance to be negated by the NIC. The 

NIC circuit is the Linville OCS design of Sussman-Fort and Rudish. C is the test reactance. Also, when 

testing for oscillations, Zvna represents a 50 Ohm spectrum analyzer port.  

The direct connection (fig. 3A) oscillates strongly at low frequency (about 89 kHz) with the current 

component values and was not measured for operation as a NIC. The oscillation frequency is somewhat 

dependent on the values chosen for the bias inductors. The parallel capacitor case (fig. 3B) also 

oscillates. Since the circuit is “open circuit stable” the parallel capacitor case would seem to be a good 

choice. In our test circuit, however, the parallel 50 Ohm resistance of the network analyzer port 

dominates the port impedance at low frequencies resulting in an unstable case. The direct and parallel 

capacitor cases were not considered further. 

Another important consideration is the power level of the RF test signals. The Vector Network Analyzer 

(VNA) is capable of exciting the test circuit with a signal level of up to 1 mW (0 dBm). That level causes 

compression in the circuit.  -30 dBm is used in the measurements in order to ensure that small signal 

conditions are satisfied for the transistors. Some of the plots appear noisy due to the relatively low 

excitation level. 
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The series connected case (fig. 3C) provides for cancellation of the reactance of C by the negative 

capacitance of the NIC.  In order to achieve a high degree of cancellation it is necessary to carefully 

adjust the value of the C (or CL). The cancellation is observed in figures 4 and 5 for values of CL=47pF and 

C ~ 60pF. C is carefully adjusted with a trimmer capacitor to achieve the smallest magnitude Z. This 

measurement may be compared with the simulation (fig. 2) which has some corresponding features. 

There are several interesting differences between the simulation and the realized circuit operation, 

however. The differences are attributed to a combination of non-ideal components and measurement 

setup. 

Figure 4: Measured Magnitude Z of NIC with CL=47pF, Series C=60pF (approximate). 
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It is expected that a series capacitance circuit (fig. 3D) at the NIC OCS port can cause instability when the 

test capacitance (C) is similar in value to the calculated NIC input negative capacitance (Cin). This is 

expected since, in the series connection, a low impedance is seen by the NIC due to the cancellation of 

the positive capacitance by the negative capacitance generated in the NIC. This OCS (open circuit stable) 

NIC design is most stable when terminated in a high impedance condition (including the negative 

capacitance of the NIC itself).  This effect was observed at a single frequency in figure 5 at marker 3 

where there are spikes in the phase occur at the onset of instability. In real time the spikes were 

observed to vary while the corresponding point in figure 4 was found to go slightly negative. The 

advantage in the series connection is that a high capacitive reactance is presented to the NIC at low 

frequencies where (in this circuit) the potential for oscillation is higher than it is at higher frequencies. 

Figure 5: Measured Phase Response of NIC with CL=47pF, Series C=60pF (approximate). 
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The series connected capacitor, series resistor case (fig. 3C) was tested using C=68pF and R=51 Ohms. CL 

remained the same at 47pF. Measured results were presented in Smith Chart format in figure 6. Perfect 

cancellation of the reactive components occurred at approximately 50 MHz. The same data was plotted 

in figure 7 as VSWR. All of the markers (40 to 70 MHz) fell within the VSWR value of 2. With Zin=50 Ohms 

this circuit was expected to have a very low Q. An ordinary series RLC circuit had almost the same 

response. 

In order to make a more direct test while avoiding oscillations due to low impedance termination of the 

OCS port a series resistor R (Fig. 3E) was inserted between the NIC and VNA.  A resistor value of 100 

Ohms was found to be sufficient to ensure stability. In order to find the actual NIC port impedance, the 

100 Ohm resistance was extracted from the measured results using “trace math” function of the VNA.  

The display then shows the de-embedded NIC port impedance. Figure 8 shows the impedance of the NIC 

over the frequency range of 10 to 110 MHz. The result appears inductive over this entire range.  

Reactance increases over the frequency range from low frequency to high. This is similar to the response 

Figure 6: Measured Smith Chart of NIC with CL=47pF, Series C=68pF and R=51 Ohms. 
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expected from an inductor. A negative capacitor is expected to decrease in reactance as the frequency is 

increased [4].   

 

 

 

Figure 7: Measured VSWR Plot of NIC with CL=47pF, Series C=68pF + R=51 Ohms. 
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Figure 8: De-embedded input impedance of NIC tested with series R=100 Ohms and CL=47pF. 

 

 

A further test was performed to ensure that the modified value of C3 did not cause improper operation 

of the NIC circuit. The original value of 47pF was restored to the circuit at C3. The previous test was 

repeated using the same 100 Ohm series resistor configured as in figure 3E. The circuit was found to be 

stable with the higher port impedance. While the impedance (fig. 8) changed significantly at low 

frequencies, only a relatively small shift in impedance was observed in the range of 50 to 110 MHz. No 

part of the frequency range seems to correspond to a non-Foster element, however.  



13 
 

 
Figure 9: De-embedded input impedance of NIC tested with Series R=100 Ohms, CL=47pF and C3 
restored to original 47pF. 
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5  Layout Details 
 

The board layout is a two layer design with a (almost) complete ground plane as one layer. Most passive 

components are 0602 (inch unit). The transistors are also surface mount. Through hole footprints were 

chosen for the Voltage regulator as well as the RF and header strip connections for the sake of 

ruggedness. The layout was a compromise between the requirements for small size to and ease of hand 

assembly.  

A number of spare footprints were provided at each port of the NIC to facilitate the introduction of 

complex impedances for operational and testing purposes. Footprints at the ports were used to insert 

resistors and capacitors as needed for the test configurations. 

For the purposes of initial testing SMA connectors were attached to each port. The voltage regulator 

was omitted and a regulated bench supply was used. Ferrite beads on the layout were solder-bridged.  

A circuit board schematic is shown in figure 10. A photograph of the circuit board is shown in figure 11. 

Figure 12 shows details of the circuit board layout. The reverse of the circuit board is a complete ground 

plane with the exception of one small break for a crossover and the mounting holes. Solder mask is 

provided on both front and back of the board. A detailed parts list is contained in Appendix 1. 
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Figure 10: Circuit Board Schematic. 
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Figure 11: Photograph of Test Circuit Board 
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6  Summary 
 

A NIC was implemented and tested to determine if a non-Foster capacitance could be produced.  Circuit 

stability was an important issue with the circuit. The NIC tended to break into oscillation under some 

load impedance conditions. An important stability case was when the NIC was presented with a 

relatively low impedance of 50 Ohms at the input port. The typical 50 Ohm radio antenna port 

connected to the NIC, in some configurations, caused instability in this circuit. Higher port impedances  

of 150 Ohms or more were found to be adequate to prevent oscillation under most conditions.   

The NIC was expected to produce a non-Foster impedance at the input port of the circuit. This did not 

appear to be the case with this implementation. Measurements of the NIC circuit using both series and 

parallel capacitors demonstrated resonant effects.  Direct VNA measurements showed that the NIC 

produced a reactance having the expected sign but with the frequency dependence of an inductor. The 

Figure 12: Circuit Board Layout (dimensions in inches) 
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circuit appeared to behave largely as a low-Q inductor over the frequency range tested.  The low-Q 

inductance produced by the NIC was found to be useful for operation in the range of 30 to 110 MHz. 

An analytical investigation is recommended to understand why the NIC did not work entirely as 

expected.  It is unclear if test conditions may have caused the discrepancy. It is possible that non-Foster 

results may be obtained with this circuit in some configuration other than attempted here. It is also 

likely that non-Foster effects were produced but masked by undesired reactances in the circuit.  

 Circuit implementation issues should be given more consideration. The bias inductors used at L2 and L7 

have lower self-resonant frequencies than desired. Better inductors could have improved circuit 

operation. The effects of compensation components R3, C1 and C10 need more study. R3 and C1 are 

specified as “tunable”. The procedure for determining the best values of these components is not 

entirely clear. The “parasitic modeling” capacitor at C10 has a large effect on circuit operation. The 

correct value is difficult to determine empirically. The value used at C10 was chosen for best match with 

the PSPICE simulation. There is some variation with temperature that makes the best operation difficult 

to maintain. Improved biasing may improve temperature stability. 

A final concern is the 50 Ohm port impedance of the Vector Network Analyzer used as a measurement 

device. The feedback conditions of the NIC are likely to be affected by the impedance seen at the NIC 

terminals. It is possible that 50 Ohm impedance is inappropriate for proper operation of the NIC in the 

configurations used for this work. A high impedance may be more appropriate for testing in the shunt C 

configuration for instance.  

 

 

 

 

 

 

Appendix 1: Parts List 

Schematic 

Ref. 

Nominal 

Value 
Value Footprint Supplier Part Number Notes 

C1, 12.75pF 12pF SM0603 DigiKey 478-1164-1-ND Q Control 

CL1 47pF 47pF SM0603 DigiKey  478-1171-1-ND Load Capacitor 
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C2 47pF 4.7nF SM0603 DigiKey 445-2712-1-ND 

Changed for 

enhanced 

stability. 

C3, C5, C6, C8 .0047uF 4.7nF SM0603 DigiKey 445-2712-1-ND  

C10 0pF 0.5pF SM0603 Johanson 
251R14S0R5BV

4S 
 

C11 PUR PUR SM0603 DigiKey PUR 
Optional test 

reactance 

C12,C14 1uF 1uF SM1206POL DigiKey 478-5748-1-ND  

C15,C19,C20,

C21 
1000pF 1nF SM0603 DigiKey 478-1187-1-ND  

C16 
2.9-6.6pF 

Varactor 
2.9-6.6pF SM0603 DigiKey 

863-1405-1-ND 

not populated 

Optional load 

reactance 

C17 PUR PUR SM0603 TBD PUR 
Optional load 

reactance 

C18 PUR PUR SM0603 TBD PUR 
Optional load 

reactance 

C22 0.1uF 0.1uF leaded stock stock 

Added Bypass 

Capacitor parallel 

with C 19 

D1 1N4007 1N4007 SM1206 DigiKey 641-1216-1-ND  

FB1,FB2,FB3 
FERRITE_BEA

D 
none SM0603 TBD none jumper 

J1,J2,J3 COAX2  EFJSMA DigiKey J608-ND  

L1 8nH 8.2nH SM0603 DigiKey 
PCD1972CT-

ND  
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L2,L7,L10 10uH 10uH SM0603 DigiKey PCD1817CT-ND 
1210 component 

bridged 

L3 22nH 22nH SM0603 DigiKey PCD1977CT-ND  

L8  PUR PUR SM0603 TBD PUR 
Optional test 

reactance 

L9 PUR PUR SM0603 TBD PUR 
Optional load 

reactance 

P1 CONN_2  SIL-2 stock 
0.1” strip 

header 
 

P2 CONN_3  SIL-3 stock 
0.1” strip 

header 
 

Q1,Q2 

 
NE85630  sot323 DigiKey 

NE85630-ACT-

ND 

Mount in 

inverted position 

R1 110 110 SM0603 DigiKey P110HCT-ND  

R2 100 100 SM0603 DigiKey P100HCT-ND  

R3 1200 1.2k SM0603 DigiKey P1.20KHCT-ND  

R4,R13 750 750 SM0603 DigiKey P750HCT-ND  

R6 47 47 SM0603 DigiKey P47.0HCT-ND  

R7,R20 68k 68k SM0603 DigiKey P68.0KHCT-ND   

R12 1500 1.5k SM0603 DigiKey P1.50KHCT-ND   

R21  PUR PUR SM0603 TBD PUR 
Optional test 

resistance 

R23 PUR PUR SM0603 TBD PUR 
Optional load 

resistance 



21 
 

R24,R25 5.1k 5.1k SM0603 DigiKey P5.10KHCT-ND  

U1 LM7820 20V TO220 DigiKey BA17820T-ND 
not populated for 

test 

 

 

Appendix 2: PSPICE Listing 
* EESchema Netlist Version 1.1 (Spice format) creation date: 5/31/2012 10:27:56 PM 
.SUBCKT NE85630/CEL 2 1 3 
Q1  5 7 8 NE85600 
CCB 7 5 0.09E-12 
CCE 5 8 0.16E-12 
LE  8 6 0.93E-9 
LB  4 7 1.4E-9 
CCBPKG 4 5 0.12E-12 
CCEPKG 5 6 0.16E-12 
CBEPKG 4 6 0.04E-12 
LBX 1 4 0.2E-9 
LCX 5 2 0.2E-9 
LEX 6 3 0.2E-9 
.MODEL NE85600 NPN  
+( IS=6e-16      BF=120           NF=0.978       VAF=10           IKF=0.08  
+ ISE=32e-16     NE=1.93          BR=12          NR=0.991         VAR=3.9  
+ IKR=0.17       ISC=0            NC=2           RE=0.38          RB=4.16 
+ RBM=3.6        IRB=1.96e-4      RC=2           CJE=2.8e-12      VJE=1.3   
+ MJE=0.5        CJC=1.1e-12      VJC=0.7        MJC=0.55         XCJC=0.3    
+ CJS=0          VJS=0.75         MJS=0          FC=0.5           TF=10e-12 
+ XTF=6          VTF=10           ITF=0.2        PTF=0            TR=1e-9 
+ EG=1.11        XTB=0            XTI=3          KF=1.56e-18      AF=1.49 ) 
.ENDS 
 
.AC LIN 100 10000000Hz 110000000Hz 
V1 30 0 AC .0001 
Vin 1 0 DC 20 
*R99 31 30 50 
R99 14 30 50 
*C98 31 14 58pF 
C99 14 0 58pF 
R98 14 0 100G 
R1  3 0 110 
R6  2 3 47 
C1  3 0 12.75pF 
L1  3 2 8nH 
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L3  5 8 22nH  
XQ2  9 5 2 NE85630/CEL 
R12  1 9 1500 
L7  15 1 10uH 
XQ1  6 16 10 NE85630/CEL 
CL1  8 0 47pF 
*CL1  8 31 .1uF 
*RL1  31 0 100 
C6  9 4 .0047uF 
C2  8 6 47pF 
C10  4 0 4.7pF 
C5  16 4 .0047uF 
C8  10 11 .0047uF 
C3  14 10 .0047uF 
L2  17 0 10uH 
R20  9 5 68k 
R4  6 15 750 
R7  6 16 68k 
R3  11 0 1200 
R2  4 0 100 
R13  10 17 750 
.PROBE I(R99)  
.PROBE V(14) 
.PROBE IP(R99) 
.PROBE VP(14) 
.end 
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