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Lateral Position Dependence of MIMO Capacity in a
Hallway at 2.4 GHz

Steven W. Ellingson, Senior Member, IEEE, and Mahmud Harun

Abstract—We report measurements of the capacity of a 2.4 GHz
vertically-polarized 3 4 multiple-input multiple-output (MIMO)
system in which both ends of the wireless link are located in a
hallway. This scenario is of interest due to the increasing mobility
of wireless devices, and because hallways have previously been re-
ported to create difficulties for MIMO propagation. In this paper
we focus on the variation in capacity as a function of position as one
side of the wireless link is moved laterally (i.e., vertically and hori-
zontally) in the hallway. We find not only significant degradation in
MIMO capacity due to rank collapse, but also identify considerable
variability due to changes in the signal strength. The capacity along
a vertical cut is found to be relatively constant about 7.5 1 bps/Hz
for a reference signal-to-noise ratio (SNR) of 10 dB at a range of
12 m, which is significantly less than the ideal maximum of 11.5
bps/Hz. The capacity along a horizontal cut is found to be about 6.7

3 bps/Hz under the same conditions, dominated by a large-scale
signal strength variation which can be attributed to identifiable
propagation mechanisms. We also consider the performance rela-
tive to simpler rank-1 (diversity/beamforming) schemes, with and
without channel state information.

Index Terms—Indoor propagation, multiple-input mul-
tiple-output (MIMO).

I. INTRODUCTION

MULTIPLE-INPUT multiple-output (MIMO) wireless
communications technology offers capacity gains over

traditional single-antenna and multiple-antenna beamforming
and diversity technologies by using multiple antennas at both
ends of a wireless link to exploit the potential for multiple
statistically-independent “spatial channels” [1]. Indoor wire-
less local area networks (WLANs) operating in the U.S.
unlicensed 2.4 GHz band are an attractive application for
MIMO. Currently, MIMO is widely available for desktop and
laptop computers, and the integration of MIMO into handheld
devices and other highly mobile devices seems likely. This
gives rise to situations in which both ends of a MIMO link
may be in a hallway. For example, this will occur in office
buildings with hallway seating, prevalent in universities and
court houses, in which users with MIMO-equipped laptops
are within line-of-sight (LOS) of an access point. Another ex-
ample is hospitals, in which MIMO-enabled patient monitoring
equipment may be installed in gurneys, which are frequently
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positioned in hallways within LOS of access points. Thus, it is
of interest to understand the achievable limits of performance
in this scenario, especially if there are considerations which
are different from the more commonly considered intra-room,
room-room, and hallway-room scenarios.

In measurements at 1.95 GHz, Kyritsi et al. [2] reported in
2002 the tendency of hallway propagation to take on LOS-like
characteristics, thereby becoming the limiting factor in MIMO
capacity. Porrat et al. [3] were able to explain this behavior
in terms of a lossy waveguide model for hallway propagation
proposed by Kyritsi et al. [4]. Their conclusion was that hall-
ways tend convert the high-rank random scattering essential to
MIMO into a smaller number of dominant modes collectively
exhibiting relatively low rank, thereby reducing the capacity of
a MIMO system. Porrat and Cox [5] describe additional inves-
tigation of the waveguide model for hallway propagation, this
time in the 850–950 MHz band, and reasonable agreement with
measurements is found. They also find the path loss results pre-
dicted by the waveguide model compare favorably to those pre-
dicted by a rudimentary “2D with ground reflection” ray tracing
technique using four reflections. Seker et al. [6] also report that
ray tracing leads to reasonable path loss estimates in this sce-
nario. In 5 GHz hallway measurements reported by Almers et
al. [7], it is again found that MIMO capacity is considerably im-
paired. They further find that the best horizontal orientation of
linear arrays in this scenario is with broadsides aligned along
the axis of the hallway, which is consistent with the collimation
of propagation described in previous papers.

This paper reports measurements of the capacity of a 2.4 GHz
3 4 vertically-polarized MIMO system in which both receive
and transmit arrays are located in a hallway, following up pre-
liminary work reported in [8] with additional measurements,
analysis, and interpretation. We examine in detail the propa-
gation channel that exists between transmit and receive arrays
which are separated by 12 m in an office hallway, concentrating
on the variability resulting as one array is repositioned along
horizontal and vertical cuts spanning the hallway. The poten-
tial for lateral variation considered in this paper is an aspect of
the MIMO hallway problem that does not appear to have been
previously considered or addressed in previous studies. We find
not only significant degradation in MIMO capacity due to rank
collapse, but also identify considerable variability with respect
to vertical and horizontal position. We also find that some as-
pects of the observed behavior can be predicted using a simple
ray-based propagation model which, unlike the rudimentary ray
tracing methods considered in [5] and [6], is a three-dimen-
sional implementation of geometrical optics including a suffi-
cient number of rays to ensure convergence.
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Fig. 1. Section of hallway in which the measurement took place. View from
the transmit end.

This paper is organized as follows. Section II describes
the scenario evaluated, test equipment employed, and method
used to obtain the channel propagation coefficients used in the
remainder of the paper. Section III provides an analysis of the
measurement results in terms of propagation characteristics.
Section IV describes the methods used to obtain estimates of
MIMO capacity from the measured channel coefficients, with
results presented in Section V. Conclusions are discussed in
Section VI.

II. METHODOLOGY

The measurements were performed in a hallway on the fourth
(top) floor of Durham Hall, a modern office building on the
Blacksburg campus of Virginia Polytechnic Institute and State
University. Fig. 1 shows the hallway from the perspective of the
transmit end of the measurement. The walls are drywall con-
struction, approximately 1.5 m apart. The material inside the
walls is not known. The floor is carpeting over unknown con-
struction. The ceiling is 2.7 m high to tiles, above which is utility
space, as shown in Fig. 2. The hallway contains several doors of
wood-framed glass construction opening into offices. The doors
were closed, and no other objects (including people) were in the
hallway at the time of the measurement.

Identical four-element uniform linear arrays of quarter-wave
monopoles, shown in Fig. 3, were used for transmit and receive.
The monopoles were oriented so as to produce primarily vertical
polarization, as this is believed to yield the best overall propaga-
tion characteristics [2], [4]. All four monopoles share the same
ground plane, which is approximately 25 cm 2.5 cm. All el-
ements had measured less than 10 dB over the relevant
frequency range. The element spacing was 6 cm (approximately
one-half wavelength at 2.4 GHz).

A subject of considerable current interest is the role and
impact of mutual coupling in MIMO antenna systems (see,
e.g., [1] and [9] for summary discussions as well as the specific
references [10]–[18]). One finds that mutual coupling tends to
be a minor consideration in MIMO performance for arrays of
linear elements with separations of about one-half wavelength

Fig. 2. View of structure above ceiling tiles.

Fig. 3. Array used at transmit and receive ends.

or greater. For smaller spacings, however, one expects the
increased coupling to create significant differences in antenna
patterns (potentially creating pattern diversity; often a helpful
effect [19]–[22]) and large differences in antenna impedance
(degrading matching to feedlines, usually not helpful). For the
arrays used here, we measured the maximum coupling (i.e.,
that between adjacent elements) to be less than 13 dB, i.e.,
quite weak. Thus, the results presented here are probably also
applicable to arrays which are similar but with greater spacings,
but perhaps not for arrays with smaller spacings or otherwise
greater mutual coupling.

Often in indoor wireless networks, an access point is mounted
on the ceiling. It should be noted that the range of locations
for the link endpoints considered in our study does not include
a scenario in which one end of the link is at the ceiling. Our
justification for performing the measurements as indicated
was simply that our primary interest was in understanding
the lateral position dependence of MIMO channel capacity
in a hallway—without regard to a specific application or sce-
nario—and attempting to explain the results in the context of
propagation physics. Furthermore, we note that the geometries
considered are representative of those expected in peer-to-peer
networks.

The Matrix Channel Measurement System (MCMS) [23] was
used to perform the measurements. MCMS consists of inde-
pendent portable array transmitter and array receiver units. The
array transmitter (visible in the foreground in Fig. 1) was con-
figured to feed a separate continuous wave [(CW), i.e., unmod-
ulated carrier] signal to each antenna, with small frequency off-
sets ( the coherence bandwidth) used to uniquely identify
the signal radiated from each transmit antenna at the receiver.
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The power delivered to each antenna was 14 dBm/tone. The
MCMS array receiver captures the signal from each of four an-
tennas. The signal from each antenna is individually downcon-
verted, digitized, and recorded. The resulting measurements are
fully coherent and do not rely on techniques such as element
switching or the synthesis of a “virtual array” from a smaller
number of repositioned elements.

After the measurement, the captured data is further analyzed
as follows. The four CW signals are extracted from the data
through a process of filtering (to exclude the other three sig-
nals) and spectral shifting (to center the CW signal at zero Hz).
The magnitude and phase of each signal is estimated by aver-
aging over approximately 158 , which is orders of magnitude
shorter than the observed channel coherence time. This com-
plex value is then deemed to be the “raw” channel coefficient
associated with the given transmit and receive antennas. A 4
4 matrix is constructed from these values, and is used to es-
timate capacity as described in Section IV. The post-processed
signal-to-noise ratio (SNR) of the received CW signals was ver-
ified to be orders of magnitude greater than the variation exhib-
ited in any results presented in this paper, i.e., the results are
essentially independent of the sensitivity of the measurement
system. Also, it was verified that intermittent interference from
active WLAN (IEEE 802.11) systems, while present, did not no-
ticeably affect the measurement of the channel coefficients ex-
cept in a few cases which were manually deleted from the data
set.

Before and after the measurements, we conducted a calibra-
tion procedure in which data are collected while the array trans-
mitter outputs are connected directly to the array receiver in-
puts using networks of RF dividers and combiners. In this way,
we also confirm that the system is able to properly identify the
full range of MIMO channel conditions; including full-rank and
fully-degenerate “keyhole” (rank-1) channels. During the anal-
ysis of this data we realized that the transmitter connected to ele-
ment number 3 (with respect to the 1 4 numbering used in sub-
sequent sections) had been incorrectly programmed. The associ-
ated array element remained properly matched at all times and
thus this error had no effect on the electromagnetic properties
of the array. Rather than repeat the measurements (a relatively
difficult and expensive process), we simply excluded the data
associated with this element and used only the data associated
with three properly-programmed transmitters from the transmit
array. Thus, we have a 3 4 MIMO system in which the three
transmit signals are assigned to elements one, two, and four of
a four element array.

Measurements were taken along the vertical and horizontal
cuts shown in Fig. 4. The arrays were oriented at all times such
that broadside (the direction perpendicular to the plane of the
array) was aligned along the long axis of the hallway, as sug-
gested in [7] and [24]. In all cases, the transmit array was moved
through the cut using a computer-automated linear positioner
while the receive array remained stationary. The sample spacing
was 1.23 cm, i.e., slightly less than one-tenth of a wavelength.
The positioner remained stationary at each sample point for
about 7 s before moving to the next point, and data was col-
lected and merged from two passes separated by about 15 min
in time. The separation between the measurement plane and the

Fig. 4. Measurement cuts. View from receiver. All dimensions in centimeters.
Limits shown correspond to center of array; thus, the leftmost element reaches
an additional 9 cm to the left (beyond the reference wall, through a doorway),
whereas the rightmost element reaches an additional 9 cm to the right (4.5 cm
short of the opposite wall).

receive array was 12 m, and the center of the receive array was
located 1.5 m above the floor and 0.3 m to the left of center.

III. PROPAGATION ANALYSIS

In this section we present results of measurements pertaining
to propagation characteristics, in order to provide some context
for understanding the capacity results.

A. Measurements

Figs. 5 and 6 show measurements of the magnitudes of the
transfer functions (coefficients) between the three elements
of the transmit array and the fourth of four receive elements (the
element furthest from the centerline of the hallway), taken along
the vertical and horizontal cuts. Note that the position in each
plot is the actual position of the element, not the position of the
center of the array or some other common reference point. It is
clear that the signal strength in the different cuts varies differ-
ently. The horizontal cut measurement exhibits some symmetry,
with a relatively constant region over the central 50 cm of the
hallway, bounded by null regions. Another null region appears
close to the reference wall. A corresponding null may exist in
the region close to the opposite wall, unfortunately the measure-
ment apparatus did not allow the array to be moved close enough
to the wall to determine this. The null phenomenon has also been
noted in similar measurements performed at 1 GHz by Suzuki
and Mohan in 2000 [25].

The vertical cut, in contrast, exhibits significant differences
depending on the constant horizontal position. Variations in
mean magnitude could be anticipated from the results of the
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Fig. 5. jK j, the magnitudes of the transfer functions between the three active
elements of the transmit array and the fourth of four receive elements, taken
along the vertical cut. Solid, dash, and dash-dot lines are used for elements 1,
2, and 4 respectively.

Fig. 6. jK j, the magnitudes of the transfer functions between the three active
elements of the transmit array and the fourth of four receive elements, taken
along the horizontal cut. Solid, dash, and dash-dot lines are used for elements
1, 2, and 4 respectively.

horizontal cut measurements; however we also observe differ-
ences in the way the magnitude varies as a function of constant
horizontal position.

B. Modeling

We attempted to reproduce the results of these measurements
using a propagation model. The hallway was modeled as a rect-
angular cylinder in which the walls are infinitely-thick slabs of
a lossless dielectric having relative permittivity 4.4 (an appro-
priate but approximate value for drywall material), separated by
the width of the actual hallway. The floor and ceiling are sim-
ilarly modeled, except with relative permittivity 6, consistent
with the higher values expected for building materials appro-
priate for these surfaces (see [4], [26], and references therein
for further discussion and justification of these choices).

As discussed in Section I, a variety of methods are avail-
able for modeling propagation in the scenario of interest. Here,
we use fully-coherent and fully-polarimetric geometrical optics
(GO). Alternatively, we could have used a waveguide model as
in [5]. Our justification for choosing GO is that GO is valid and
rigorous even for very close range scattering, whereas the wave-
guide model is heuristic (i.e., assumes that the propagation can
be modeled as being analogous to waveguide modes) and is not
necessarily valid for ranges on the order of 10 m or less at these
frequencies.

Consider a Cartesian coordinate system which has its origin
at the transmitting element of interest, -axis parallel to the
axis of the hallway, and -axis pointing toward the ceiling. In
our GO-based approach, the field at each receive antenna of
interest is computed as the sum of rays in two planes. A vertical
plane parallel to the -axis containing the source and field
points and for which rays bounce between floor and ceiling
only; and a perpendicular (approximately horizontal) plane
parallel to the -axis, but not necessarily perpendicular to the

-axis, containing the source and field points and for which rays
bounce between walls only. These two planes contain the rays
of shortest path length, and thus greatest contribution, whereas
rays which bounce from wall to floor/ceiling or vice-versa
are necessarily longer and weaker. This “two plane” model
is in effect a compromise between computationally-attractive
two-dimensional modeling (in which the horizontal plane is
treated individually as a two-dimensional problem and the
vertical dependence is neglected—an assumption commonly
employed in indoor propagation problems as noted in Section I)
and fully three-dimensional modeling, in which the compu-
tational burden associated with the calculation of ray paths
quickly becomes onerous.

An ideal quarter-wave monopole excited by terminal current
radiates an electric field [27]

(1)

where is the impedance of free space and is distance from
the feed point. The contribution to the total field in each plane
due to radiation from the antenna and subsequent reflections
consists of a direct (LOS) term plus “bounce modes.” The first
bounce mode in each case is the pair of rays which are reflected
just once, the second bounce mode is the pair of rays which are
each reflected twice, and so on. Because the reflecting surfaces
are parallel to each other, the geometry of the associated ray
paths is simple to calculate using image theory. The details of
the GO reflection calculation are described in a number of refer-
ences; see, e.g., [28]. Solutions were found to be well-converged
after a total of 15 bounce modes each in the floor-ceiling and
wall-wall planes, and so this value is used throughout. Signifi-
cant error sources in this model are expected to be the simplified
wall model (in fact, the walls are lossy, finite, and pass backscat-
tering from objects in rooms), as well as neglecting complex
scattering from ducts and plumbing close to the ceiling (see
Fig. 2). Also, as noted in Section II, the effect of mutual cou-
pling on transmit and receive element patterns is neglected, but
is apparently minor.
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Fig. 7. Solid: jK j, the magnitude of the transfer functions between one el-
ement of the transmit array and one of the receive elements, taken along the
horizontal cut. Dashed: Same result predicted using the model described in the
text.

The desired output of the model is an estimate of the transfer
function from the terminals of the transmit antenna to the termi-
nals of the receive antenna, and is estimated from the above re-
sult as follows. An ideal quarter-wave monopole transmits total
power equal to

(2)

The power delivered to the terminals of the receive antenna
under matched load conditions is

(3)

where is the radiation resistance of an ideal thin
quarter-wave monopole, is the electric field incident on the
receive antenna, and is the vector effective length
of the receive antenna. Mismatch between antennas and feed-
lines is neglected, but accounts for less than 1 dB error. One
obtains for the desired transfer function

(4)

where is obtained from the GO calculation de-
scribed in the previous paragraph.

Fig. 7 shows the result of this model compared to one of the
horizontal plane measured results from Fig. 6. Note that the av-
erage level (i.e., path loss) is in reasonable agreement and that
the model exhibits very similar phenomenology; in particular
the agreement in the two deep null regions. The similarities pro-
vide some confidence that the essential characteristics of the
propagation are understood. The results are also consistent with
a characterization in [5], in which it is suggested that the ten-
dency for nulls to form close to walls is due to the partial can-

Fig. 8. jK j, the magnitude of the transfer functions between one element of
the transmit array and one of the receive elements, predicted from the model
described in the text, taken along the vertical cut.

cellation of the direct path illumination by the reflection from
the walls, which is out of phase for vertical polarization.

Model results for the vertical cut are shown in Fig. 8. Com-
paring with Fig. 5, we see that the average levels (i.e., path loss
results) are about 5 dB higher, and with relatively little vari-
ability compared to the measurements. This is hardly surprising
since the complex structure behind the false ceiling has been
neglected. It should be noted at this point that whereas the in-
dividual element magnitudes vary considerably, and the total
power available to the array remains relatively constant; this is
confirmed in Section IV (in particular, in Fig. 13). This is the ex-
pected result because reflection of the perpendicularly-polarized
signal from the floor and ceiling should add in-phase with the
direct path signal, and because stronger multiply-reflected sig-
nals should be available to fill in regions of low field strength.

C. Vector Channel Characterization

Another way to characterize propagation along a hallway,
which will be helpful in our interpretation of the MIMO capacity
results, is to consider the degree to which the propagation is sim-
ilar to LOS propagation. That is, we know that in the far-field
limit and in the absence of any scattering, the vector channel
(i.e., the th column of corresponding to the th transmit an-
tenna), should be proportional to , the vector
channel corresponding to a single plane wave arriving broadside
to the receive array. Then the similarity can be expressed as

" (5)

In this metric, a result equal to the maximum value of 1 de-
notes pure LOS propagation, whereas a result approaching the
minimum value of zero denotes a vector channel orthogonal to
the LOS value. This metric is useful also for assessing the re-
peatability of measurements as it reduces the vector channel to
a single parameter which can be compared over many trials. We
emphasize however that this metric does not assume anything
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Fig. 9. Similarity (as defined in the text) of the observed vector channel to that
expected from LOS propagation for the vertical cut measurement. The results
corresponding to each of the three transmit channels are shown as different plots.
In each plot, the solid line is the mean result for that position and the broken
lines are the maximum and minimum values observed at that position. For each
position, the data consist of 11� 1 samples collected over two 7 s dwell periods
separated by about 15 min.

Fig. 10. Same as Fig. 9, except for the horizontal cut.

about the observed channel; it simply uses the expected result
for an LOS plane wave scenario (i.e., ) as a standard for
comparison.

The results in this experiment are shown in Figs. 9 and 10.
Note the significant differences in the results for the vertical and
horizontal cuts. It appears that the vertical cut results are some-
what less variable and tend to approach LOS-like conditions
over more of the cut. The dramatic deviations from LOS-like
conditions in these results make it clear that the combined
contributions due to reflections from walls and ceilings can
easily dominate over the direct path contribution. Regardless,
the results for both cuts indicate relatively small variations of

Fig. 11. Eigenvalues ofKK over the vertical cut.

the channel gain over different positions, which suggests that
the channels between elements are highly correlated. This in
turn implies that the MIMO channel rank will be relatively low,
which will be confirmed in subsequent sections.

IV. ESTIMATING CAPACITY

The theoretical instantaneous capacity of an MIMO
system for the case in which the transmitter does not have access
to channel state information is given by [29]

(6)

where the are the rank-ordered eigenvalues of , ob-
tained from the raw coefficients by the normalization

(7)

In these expressions, is the mean SNR at any given receive
antenna, “ ” is the trace (i.e., sum of eigenvalues) operator,
and “ ” denotes the conjugate transpose. Since our measure-
ments are not limited by the sensitivity of the instrumentation,

(i.e., all eigenvalues are dominated by
signal (channel measurement) as opposed to internal or external
noise) in this analysis.

Clearly, the relative values of the determine the effective-
ness of MIMO in increasing channel capacity. Figs. 11 and
12 show the as determined from measurements. Note that
for the channels measured in both cuts the ratio of the first
two eigenvalues is relatively large (on the order of 10 dB), in-
dicating relatively low effective rank and poor MIMO perfor-
mance. However, also notice that whereas the signal strength is
seen to be approximately constant across the vertical cut, con-
siderably greater variability is seen in the horizontal cut. This
becomes more readily apparent in Fig. 13, which shows the sum
of the eigenvalues (i.e., total power exchanged between arrays).
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Fig. 12. Eigenvalues ofKK over the horizontal cut.

Fig. 13. TrfKK g for the vertical (top) and horizontal (bottom) cuts.

Equations (6) and (7) are convenient because they offer
a simple means to compute capacity for any (not just the
value associated with the measurements) using the original
data, as long as the measurements are made at sufficiently
high SNR. However, the implicit assumption is that path loss
is constant over the measurement domain, such that variations
in (proportional to the total power received) are
attributable only to microscopic (fast) fading. However, it is
obvious from Fig. 13 that SNR in fact varies significantly in
the horizontal cut. This variability is not attributable to clas-
sical fast fading, which should exhibit variability on the scale
of half-wavelengths (about 6 cm in this case) and should be
approximately constant over larger spatial scales. For example,
we observed that the horizontal cut exhibited nulls near a wall
and at two other locations, and which must be attributable to
large-scale propagation mechanisms, as opposed to traditional
(stochastic) fast fasting. As a result, includes vari-
ations in received power which are due to these large-scale
mechanisms, and thus the normalization shown in (7) will

Fig. 14. Capacity in the vertical cut, using the conventional SNR normalization
[see (7)]. Top solid: Measured 3� 4 MIMO, Middle solid: Measured best rank-1
channel, Bottom solid: Measured CBF; Top dash: Ideal 3 � 4 MIMO, Bottom
dash: Ideal rank-1 channel.

tend to cancel these. The resulting capacity will therefore
tend to be overestimated. This issue seems to have first been
noted by Kyritsi et al. [2], with additional elaboration on the
tendency of this issue to lead to misleading results discussed by
Waldschmidt et al. [17]. This issue is particularly important in
this scenario because the propagation is quite unlike the usual
situation of Rayleigh or Ricean fading around a mean value
which remains constant over the measurement domain.

For the purposes of this paper, we address this problem with
a modification to (7) as follows:

(8)

where is defined as the mean value of over the
cut. Using this normalization allows the effective SNR to vary
as indicated in Fig. 13, which in turn allows the capacity esti-
mate from (6) to account for this variability in SNR. A conse-
quence of this normalization is that the resulting estimate of ca-
pacity will vary slightly around the true value because classical
fast (subwavelength-scale) fading, to the extent it is present, is
not properly being tracked. The imprecise tracking of subwave-
length-scale channel variations would result in increased vari-
ance in estimated capacity if strong fast fading were present;
however the above analysis makes it clear that subwavelength-
scale fading is not a factor for the scenario under consideration.

V. CAPACITY RESULTS

Capacity estimates for the vertical cut measurement are
shown in Fig. 14. The results in this plot use the conventional
SNR normalization [see (7)] with . Because the
SNR variation across the cut is small, the result using the
modified normalization of (8) is not significantly different.
The capacity along a vertical cut is found to be relatively
constant at about 7.5 1 bps/Hz for a reference SNR of 10
dB at a range of 12 m. Note that this falls far short of the
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Fig. 15. Capacity in the horizontal cut, using the conventional SNR normaliza-
tion [see (7)]. Top solid: Measured 3 � 4 MIMO, Middle solid: Measured best
rank-1 channel, Bottom solid: Measured CBF; Top dash: Ideal 3 � 4 MIMO,
Bottom dash: Ideal rank-1 channel.

performance expected for the corresponding ideal orthogonal
MIMO channel, for which the capacity is

. The capacity along
a horizontal cut is found to be about 6.7 3 bps/Hz under
the same conditions, presumably dominated by the large-scale
signal strength variation which can be attributed to the propa-
gation mechanisms identified in Section III.

For comparison, we also consider the performance of the best
rank-1 channel; that is, the best result that can be obtained using
beamforming at both ends. In this case, there is a relatively small
shortcoming with respect to the ideal result

. This confirms the conclusion (which can also be
inferred from Fig. 11) that the poor MIMO performance is due
to rank collapse. For reference, the ideal result for a single-input
single-output channel under the same conditions is 3.5 bps/Hz.

The “best rank-1” result described above assumes perfect
channel state information at both the transmitter and receiver,
which may not be available in practical systems. However, it is
clear from the results shown in Figs. 9 and 10 that the channel
is very nearly a simple LOS channel much of the time. Thus,
one might consider a sub-optimal version of the “best rank-1”
implementation in which the transmit and receive arrays simply
point beams at each other, aligned along the centerline of
the hallway. This result is shown in Fig. 14 as “conventional
beamforming” (CBF), for which the capacity is

(9)

where and is the eigenvector associated
with . Not surprisingly, the practical but suboptimal CBF ap-
proach yields nearly the same performance as the “best rank-1”
approach.

Capacity estimates for the horizontal cut measurement are
shown in Fig. 15 for the conventional SNR normalization of

Fig. 16. Same as Fig. 15, except using the modified SNR normalization [see
(8)].

(7) and in Fig. 16 for the modified normalization of (8). The
results using the conventional SNR normalization might erro-
neously lead one to conclude that the MIMO capacity statistics
for the horizontal cut are similar to those for the vertical cut.
However, when the large-scale SNR variation is taken into ac-
count (Fig. 16) it is clear that this is not the case. Instead, we
conclude that the horizontal cut suffers from the rank collapse
similar to the vertical cut, but additionally suffers from SNR
degradation which tends to be worse closer to the walls.

VI. CONCLUSION

This paper has explored the variation in MIMO capacity as
a function of position as one side of a wireless link is moved
laterally (i.e., vertically and horizontally) in a hallway. The ca-
pacity for a 3 4 MIMO system along a vertical cut is found
to be relatively constant about 7.5 1 bps/Hz for a reference
SNR of 10 dB at a range of 12 m, which is significantly less
than the ideal maximum of 11.5 bps/Hz. This degradation is at-
tributable primarily to rank collapse. The capacity along a hor-
izontal cut is found to suffer similarly from rank collapse, but
is further degraded by a variation in signal strength which re-
duces the MIMO capacity from a maximum of about 9 bps/Hz
over a region near the center of the hallway to a minimum of
4–6 bps/Hz closer the walls for a total variation of about 6.7

3 bps/Hz overall. The variability in the horizontal cut results
can be explained physically in terms of interactions between di-
rect path and reflected components of the vertically-polarized
transmit signal.

The performance of simpler rank-1 schemes has also been
considered. Because these schemes are immune to the rank
collapse problem, their performance is often closer to the
ideal maximum of 5.4 bps/Hz. The difference between the
optimal rank-1 scheme, in which perfect channel state infor-
mation is required at both ends of the link, and a suboptimal
approach in which beams are simply pointed along the long
axis of the hallway, is found to be usually small but intermit-
tently significant.
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Future work should address the evolution of these mecha-
nisms with varying range along the hallway. Whereas character-
izations exist for the behavior as a function of receive-transmit
separation in a hallway without considering lateral dependence
[2], [4], it would be useful to understand and learn to predict
the variability of MIMO capacity in the vertical and hori-
zontal dimensions as function of range. Improved modeling
of ceiling-reflected components, taking into account complex
structure scattering, might also be informative. Finally, it would
be useful to consider similar measurements and analysis for the
wireless LAN scenario in which one end of the link (the access
point) is positioned very close to the ceiling.
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