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Motivation (1/2)
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Combine Many Radios into One*
At least 13 bands relevant to Public Safety

x Many channels per band = A lot of radios!
(*Above figure is just a functional description.)
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Developing a prototype radio
capable of operation over a
large range of frequency bands
now in use for public safety
applications.
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Motivation (2/2)

For Multiband Multimode Radios (MMR)s

Superhet Design-
Power Hungry/ Large/ Complex/ Expensive

Direct Conversion Design-
Low Cost/ Small Size/ Low Power/No IF Filter
Cons: I/Q imbalance, In band 1/f noise from LO, IP2, Initial BPF

Problems with direct conversion design can now be largely mitigated by:
 Implementing design to be robust to variations

 Exploiting availability of nearby logic to enable radio to tweak chip as
needed

« 1/f noise is mitigated by using the combination of DDS and chopping
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System Diagram of the Prototype

Touchscreen

Gumstix uP LeDh

Iy

(31,25 MHz)

44— Fral

=10 dB
138-174 -
= A Rx-1

JC
220-222 [ ] R

Rx-BB
-— b 4UE-E1E=_ [> Ia) o3

Ta4-862
T > Rox-dd

| —rexs  RFIC FPGA
D, [

— | | UHF Tx-1 T.BB
" VHF Tx-2 Do, |

~ 30 dB (BPF) — Tx-3

BF MU
& ‘
'y

Short
Whip

g g
Audio Board
v 1
Handheld
Mic/Spkr

&
| §

3
P —
>

Ty

gl Multiband/Multimode Radio Wi Virginia
ireless
W Tech Hasan / Ellingson — October 28, 2008 @ Tech



Motorola Direct Conversion RFIC

Specs (Verified by VT in Independent Testing)

5 RX Paths (1 output) 90 nm CMOS

3 TX Paths (1 input) No inductors

RXF~5dB QFN-100

RX IIP, ~ +60 dBm <400 mA @ 2.5V (RX+TX)
RX1IP; ~—-5dBm

Tunes 100 - 2500 MHz (continuous)

BW: 4.25 kHz — 10 MHz (many steps)
Sideband Rejection ~ 40 dB, up to 60 dB
Internal DDSs for LO generation
Excellent mitigation of 1/f noise

G. Cafaro et al., “A 100 MHz — 2.5 GHz Direct Conversion CMOS
Transceiver for SDR Applications,” 2007 IEEE RFIC Symp., June 2007.
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Advantages of RFIC-Based Direct
Conversion in this Project

Scalable — Same architecture works for reduced or increased number of
simultaneous channels/bands (just add/remove chips)

 Reduced power (extended battery life) — lower power/channel and
unneeded RFICs (or RFIC sections) can be shut down.

* Increased number of channels can be monitored simultaneously, even
across bands: Scanner-like capability, “White space” seeker(s) for
frequency-agile cognitive radio

 Con: Optimization requires calibration and tweaking of many parameters
(over a low-bandwidth SPI serial port)
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VT Transceilver Board

4-Band Transceiver Board
Implemented on a 4-layer PCB

Receiver Section:
Avg. Gain: 48 dB
I/P 1dB Comp. Pt: -26 dBm
Sideband Rejection: 29 dB
Power: 1.1 W (10V@0.11A)

Transmitter Section:

Avg. O/P Power: -4 dBm
O/P 1 dB Comp. Pt: -5 dBm
Sideband Rejection: 22 dB
Power: 1.7 W (10V@0.17A)

No parameter optimization in the RFIC
has been performed

About $100 in parts to implement, excluding PCB.
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: Irreducible
Antenna Interfacing ldea? V%
S ] ) ] Tt Tee

Sensitivity depends on signal to noise ratio
External noise can be very strong in RF Front End
practical scenarios, especially at low o
frequencies (below ~400 MHz) 2 | :Z

ant in

If is large, additional effort to minimize | |
or TFE will have little effect on SenSitiVity Ratio of external noise to

If acceptable can be achieved for a poor front end noise,

| |, Improvements in | | are actually
counterproductive, since this complicates
the design

Text
TFE

Yy =n(1—|T?)

: : : : : Reflection co-efficient,
Our idea is to design a multiplexer, which may be

poorly matched with the antenna impedance, in 7 7
such a way that the front end is dominated by the r =" ant
external noise and provide acceptable sensitivity Zin + Zan:
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Antenna Model (1/2)

4 7 o TTG* model of antenna
ant) . e~ i E impedance
Thevenin ¢ R o 1
mOdeI Of : (|3,'2 ' Zant,ManapaIe — _Zant,ﬂipﬂle
antenna _ A 2
@ *T. Tang, Q. Tieng, M. Gunn, “Equivalent
Circuit of a Dipole Antenna Using Frequency-
Independent Lumped Elements,” IEEE Trans
\_ o on Ant. & Prop. Vol 41, No 1. Jan 1993.
C 12.674h C Zh{ 0.89075 0 02541}
= F — — U F
' " log(2h/a) —0.7245 © """ [log(2h/a)]°8%% — 0.861 P
- Q. ) 1.012 _ H h = height
L = 0.2h{[1.4813 log(2h/a)] 0.6188} u A= radiis

R = 0.41288[log(2h/a)]? + 3.70377(2h/a) *?%°%° — 363704 kOhm
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Antenna Model (2/2)

Circuit model & impedance for a 20 cm monopole of 5 mm radius

2, 91

1 1 ! ! 1 1
100 200 300 400 500 600 700 800 900
Frequency [MHZ]
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External (“Environmental”) Noise

Business

Fr((eﬁnl.l:lezr;cy Quiet Rural Rural Residential AB Celestial’

3.30 al 3.81x10% | 2.53x10%° | 8.54x10% | 2.30x107 | 1.07x10”
bl 286 2.77 2.77 2.77 2.52

30.-100 L2 2.53x10%° | 8.54x10% | 2.30x10” | 1.07x10”
b 2.77 2.77 2.77 2.52

100-130 L2 2.53x10%° | 8.54x10% | 2.30x10” | 1.07x10”
b 2.77 2.77 2.77 2.52

130050 L2 2.53x10%° | 8.54x10% | 7.46x10" | 1.07x10%
b 2.77 2.77 1.23 2.52

50.900 L2 7.46x10" | 1.07x10%
b 1.23 2.52

9003000 L2 1.07 x10™
b 2.52

o 5.3 dB*® 5.3 dB 4.5 dB 6.6 dB° -

/1

Standard deviation with respect to location

Compiled from ITU-R: ’Radio Noise’, P.372-8, 2003.

Virginia
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e
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' Add 2.7 K to account for CMB.

Mean noise
temperature,

— -b
T = af [K]

External Noise limits
receiver’s sensitivity if -

Txt > TFE

e

2 . . - . - T
“ Decile values not available from [5], using Q = DM =6.8 dB as for “Rural”.

* Decile values not available from [5], using [) =D =84 dB as for “Business B”.
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* Varies over about 2 dB depending on time of day: see [6].
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“Optimum” Noise Figure
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Prevents over-specifying receiver NF

Can be interpreted as a loosened constraint
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This is the noise
figure required of an
amplifier attached to
an antenna if the
output is to be
dominated by
external noise by a
factor of 10 in 90%
of locations of the
indicated type.

Optimum in the
sense that any
lower noise figure
does not
significantly
Increase sensitivity
(only cost).

These particular
results assume
lossless, perfectly
matched antenna
with no ground loss.
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Multiplexer Architecture

Multiplexer

P - = |
L1 C1 L3 c3 L5 cs

I 138174 MHz L
I | o_m"v'\_| _rv'v'v'\_| m_|
| | |
I = 220222 MHz ]I +—To Antenna L2 —— 2 L4 L o 5000 R?ml-;er
: | | Transcaeiver
I - 406-512 MHz JI o
|
: T } 5t order Chebyshev bandpass topology
| |

Transducer Power Gain (TPG):

TPG is defined as the ratio of power delivered by a matching network to a
load, to the power delivered to perfectly matched load directly from the
antenna.
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Results: Before Optimization

TPG[dB]
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*Solid Line: Antenna Impedance is assumed as constant 50

*Dotted Line: Antenna Impedance is assumed as TTG impedance
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Results: After Optimization

Desiqgn Criteria:

(1) The ratio of external
(unavoidable) noise to
internally generated noise
at the output of a receiver
front end should be large

(2) The TPG should be
reasonably flat over the
passband

TPG [dB]

_ | | | | | |
100 200 300 400 500 600 700 800 900

Frequency [MHZ]

Channels are jointly optimized using GENESYS
Channel 1 & 2 are optimized to achieve maximum flatness
Channel 3 & 4 are optimized to get maximum TPG
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Results: Noise Dominance

“External noise dominance” in
VHF-High and 220 MHz bands

Ratio of External to Internal
Noise (g ) [Linear]

Component | Channel-1 Channel—2 Channel-3 Channel—4
Before | After | Before | After | Before | After | Before | After

L1 (nH) 377.1 | 290.6 | 1357.4 | 13225 | 111.2 | 825 | 1149 | 81.1
C1 (pF) 2.8 6.9 0.4 0.4 1.1 1.1 0.3 0.3
L2 (nH) 9.7 7.6 1.3 1.3 3.1 3.1 0.9 0.9
C2 (pF) 108.7 | 136.1 | 391.4 | 389.4 39.0 | 39.0 428 | 428
L3 (nH) 561.6 | 4029 | 2021.9 | 2101.2 | 1734 [ 1734 | 182.0 | 182.0
3 (pF) 1.9 2.6 0.3 0.3 0.7 0.7 0.2 0.2

4 (nH) T 8.3 1.3 1.2 3.1 3.1 0.9 0.9

4 (pF) 108.7 | 125.1 | 391.4 | 437.5 39.0 | 39.0 428 | 428

5 (nH) 7.1 ] 207.2 | 1357.4 | 1301.4 | 1122 | 112.2 | 1149 | 1149

2.8 5.1 0.4 0.4 1.1 1.1 0.3 0.3
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Multiplexer in the Prototype

Impedance of actual antenna used (ANT-433-CW)
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RF Front End Board

VT RF Front End Board

RF Multiplexer to interface with Antenna
Low Noise Amplifier

Additional Filters

Variable Attenuators to control gain

4 Layer PCB

About $200 in parts to implement

Multiband/Multimode Radio Wireless (V"2
Hasan / Ellingson — October 28, 2008




Digital Signal Processing

VT ADC / DAC / LO Synthesizer Board

ADC/DAC: 130 mA @ 9V, running 4 MSPS
Implement on a 4-layer PCB
ADC ~ $21 (1k), DAC ~ $10 (1k)

Multiband/Multimode Radio
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Actually Used

EP2S60 Stratix || DSP development board

Altera Stratix Il FPGA

Audio CODEC

Firmware is written in Verilog HDL

This FPGA is extremely overkill for this
application
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