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Abstract:

This work is inspired by the large capacity increase that may be achieved by using multi-ele-
ment antenna arrays (MEA) at both transmitting and receiving sites. We present a numerical
study of the information-theoretic capacity of indoor wireless systems that employ MEAS,
based on realistic ray-tracing modeling of propagation in an office building. The Shannon
capacity for multi-antenna systems assuming that the transmitter knows the chagnsl (
computed, and is compared to the mutual information achieved with equal power allocation
when the transmitter does not know the chanilj. Results show that for a fixed average
received SNR, the gap betwe€p andMl,, grows as the number of antennas is increased. We
also investiage the effect of the received SNRGynandMl,,. We derive expressions for the
asymptotic growth of capacity as the number of antennas grows large and compare these
asymptotic results with the capacities computed using simulated channel responses. The
results reported in this paper serve as a preliminary exploration of MEA systems, and we
anticipate obtaining different capacity estimates for different environments or when actual
measurements are made.

This work was supported by the University of California MICRO Program.
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[. Introduction

In order to meet the competitive demand for higher and higher bit rates in wireless local-area
networks (LANS), researchers have explored the utilization of multiple-element arrays (MEAS) at
both transmitting and receiving sites. Space diversity has long been known to improve reception of
signals for wireless systems. Numerous studies have considered using multiple receivers to combat
multipath fading of the desired signal, or to suppress interfering signals [1], [2]. Using diversity at
both transmitters and receivers promises a huge capacity gain because of the additional spatial
degrees of freedom it affords. One fundamental question arises: how many bits per second per Hertz
can one transmit from a transmitting MEA to a receiving MEA given a specific propagation environ-

ment?

Foschini and Gans reported information-theoretic MEA capacities in [3], [4] for a narrowband
Rayleigh fading environment, with i. i. d. channel responses between each antenna pair. They assume
that the transmitter does not know the channel, and equal number of antenaes,used at both
transmitter and receiver. Foschini and Gans showed that for fartiee capacity increases linearly
with n in this case. Our worlseeks to determinehether the capacity will further increase if the
transmitter knows the channelnd if sq is the increase significant enough to justify tdditional
complexityrequired in signal processing and feedback from the receiver to the transmitter. In addi-
tion, we also investigate whether the linear capacity growth found in [4] can be retained in a more
realistic propagation environment, in which the transmitted and received signals are correlated or

when there is a dominant line-of-sight (LOS) signal.

We only consider a point-to-point link with additive Gaussian noise between the transmitter and
the receiver, assuming there is no co-channel (multi-user) interference. We use the WIiSE [5] simula-
tion tool to model the indoor channel from a base station to receivers located in different rooms of an
office building. A 5.2-GHz carrier is launched from transmitting antennas, and the amplitudes, delays
and phase angles of rays impinging on the receiving antennas are recorded. Similar studies have been

reported by Foschini and Valenzuela for MEA systems operating at 5.2 GHz [6].

The remainder of this paper is organized as follows. In Section Il, we model the channel as a mul-

tiple-input-multiple-output (MIMO) system with flat frequency response. Using this mathematical
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model in Section Ill, we present information-theoretic results for the capacity of MEA systems and
analyze its asymptotic behavior as the number of antennas grows large. In Section IV, we present
capacity estimates for the simulated channels and discuss the discrepancies between these results and
the asymptotic capacities predicted by theory. We briefly describe how WISE is used to represent the
indoor propagation environment that our numerical study is based on. We also include details about
placements of transmitting and receiving MEA, arrangement of antennas in an array, and basic

assumptions for the antenna elements. Then conclusions are presented in Section V.

[I. Channel Model
The following notation will be used throughout the papér:  for vector transpbse,  for transpose
conjugate,|, forthenx n identity matrix, Bffor expectationy for convolution, andinderlinefor

vectors.

We consider a single-user, point-to-point communication channel mvitAnsmitting antennas
andnreceiving antennas. The transmitted signak{g) = [x;(t), X5(t), ..., X (t)]' nanl vector
whosejth component represents the signal transmitted byjtthentenna. Similarly, the received
signal and received noise are represented Byl vecydqns, Zeand , respectivelyyy(bere
andz(t) represent the signal and noise received aitthantenna. The complex baseband impulse
response between anterirend antenngis represented big; (t) ,for=1,2,...nandj=1, 2, ...,n.
Assuming that the channel is linear and time-invariant, the transmitted and received vectors are

related by:
Y(1) = h(t)=X(t) +Z(t) (1)

We assume the communication bandwidth, W, that we consider throughoutpligis narrow
enough that the channel frequency characteristic can be treated as flat over frequency. For this to be a
reasonable approximation, the communication bandwidth must be much less than the coherent band-
width. We have determined from WiSE that, for our channels, the maximum delay Spsetins.
The coherence bandwidth is approximately the reciprocal of the multipath delay spread, which is

41.7 MHz. Therefore the frequency response can indeed be considered flat for a communication

+ Delay spread here refers to the difference, maximum delay - minimum delay, of strong rays that arrive at the
receiver with power above a chosen threshold.
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bandwidth much less than 40 MHz, or a symbol rate much less than 80 Mbaud/s, assuming zero

excess bandwidth.

For the remaining analysis and discussions, we use the discrete-time equivalent model and (1) can

be simplified to:

Y =HX+Z @)

whereX, Y, Z[ c" antHOC"™" whose enthy;;, which is the discrete time sample lf(t), rep-

resents the fading path gain from anteptmantenna.
We further assume that:

e The symbol duration is short compared to the coherenceltofithe channel. Hence, the

channel respondé is fixed throughout the time scale that we consider.

* The total radiated average power (sum over all transmitting antenrdg) iegardless of the

number of transmitting antennas

» The noise vectorZ, is an additive white complex Gaussian random vector, which means its
componentsZ; for=1, 2, ...,n,are i.i. d. circularly symmetric complex Gaussian random

variables with variancE[|Zi|2] = NoW wheW¥is the signal bandwidth.
We consider the following two cases:

1. His known only to the receiver but not the transmitter. Power is distributed equally over all

transmitting antennas in this case.

2. His known at the transmitter and receiver, so that power can be allocated appropriately to

maximize the achievable rate over the channel.

In this work, we treaH as quasi-static. Sindé is fixed for the whole duration of communication,
capacity can be computed for each realizatiorHofvithout time averaging. On the other hartd,
changes if the receiver is moved from one place to the otheivaries over a much larger time
scale than a specific communication session when the receiver remains fixed on the same location.
Therefore, the associated capacity and mutual information for each specific realizatioraafbe

viewed as random variables that depend on the location of transmitting and receiving MEA.

L-Coherence time of the channel refers to the duration for which the channel response remains constant.
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[ll. Information-Theoretic Results
In this section, we state the generalized formula for capacity for different cases. The transmitting
MEA sends the signal vectdf, which consists of symbols chosen from some alphabet set. The recep-
tion is subject to additive white Gaussian noise. Channel capacity is defined as the highest rate at

which information can be sent with arbitrarily low probability of error (Chapter 8, [7]).

For the case with one antenna; 1, the Shannon capacity is:

2
C(P,,H) =lo El + -P—to—t“—_'—|—g bps/Hz (3)
tot’ gZ 0 NOW 0 :

In the high-SNR regime, each 3-dB increas@gfNgW yields a capacity increase of 1 bps/Hz.

A. Capacity Without Channel Knowledge at the Transmitter
Here, we assume that the transmitter does not know the channel, and equal power is radiated from

each transmitting antenna. The mutual information in this case is denoted jdywhenn transmit-
ting andn receiving antennas are used), and has been derived in [3] as:

P
MI (P, H) = log de{l +[1—££—DEHFU1 bps/Hz, 4
n\" tot 2 n EhNOWD

whereH is ann x n matrix that represents the channel as in (2).

B. Capacity With Perfect Channel Knowledge at the Transmitter
In this section, we derive the capacity for MIMO channel assuming the transmitter has perfect

knowledge about the channel. This assumption is reasonable if the channel is changing very slowly,
so that it can be tracked by the transmitter through feedback from the receiver. With this knowledge of
the channel, total transmit power can be allocated in the most efficient way over the different trans-
mitting antennas to achieve the highest possible bit rate, and we refer to this @gstithal power
allocation Based on the model in Section Il and definitions in [7], the MEA capacity with optimal
power allocationC,,, can be derived as follows:

HQHT

} bps/Hz, (5)

subject to the average power constraints:
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n
tr(Q) = izlE[x?] <Pyt 6)

whereQ is the n x n covariance matrix ok, Q = E[ XX] andPy, is the total average transmit

power.

By singular value decompositiolf = UDVT ,whele avid are unitary matrRes R’ "
is diagonal and has non-negative entries, which are the square roots of the eigenvalit’s of . We

can rewrite (2) as
Y = UDVIX +Z. (78)

lfweletY = UTY, X = VIX,andZ = UtZ , (7a) becomes

<2
X2
N

= DX+ (7b)

SinceUT s unitaryZ isjustarotation @ mdimensional spacé, therefore has the same distri-

bution asZ ,i.eZ is also a white complex Gaussian random vector.

We defineQ = E[XX'] , which is related @by:

Q = ViQV. (7¢)
Since unitary operators preserve the inner prodmt()) = tr(Q) . Hence, (5) and (6) can be simpli-
fied to:
ma Dzé
Cn(Por H) = éx|092 detl:' nt NOW:|’ (8a)
and
tr(Q) < Py. (8b)

To maximize the mutual information to achieve capacity, we need to ch)bpse to be independent
complex Gaussian ([8]), i.e@ should be diagonal. The diagonal er@;ies (the variarf_(‘qes of )are

chosen such that the average power constraint (8b) is satisfied. The total capacity can be expressed as:
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A Qi
i } 9

max [
= = +
C,(Piw H) Q. ileog2 1 NgW

subject to the same power constraint (8b). This optimization problem can be solved by using

Lagrange multipliers, which gives us the following optimum solutions:

~ NoW
Qil= Bl——)(z_ E : (10a)
|
fori =1, 2,...n wherep satisfies

1 +

SH-xa = Po (10b)
| |
Therefore,
n +

Cn(Ptot’ H) = .leogz()\iU) . (11)

| =

The optimal solution, (10a) and (10b), is analogous to the water-filling solutions for parallel Gaussian
channels discussed by Cover and Thomas in [7]. Intuitively, the above equation suggests that the orig-
inal channel can virtually be decomposed imgarallel independent sub-channels, and we allot
power to the channels with higher SNRs (smalNgwW/A;). Here,u is the “water level” that marks the
height of the power that is poured into the “water vessel” formed by the funbiggWA;, i =1, 2, ...,

n. When the available powé is increased, some of the power will be allocated to the noisier chan-

nels. Each of these sub-channels contributes to the total capacity tlfmgbl@h u)+ Af
Apu»1, (12)

we say that this sub-channel provides an effective mode of transmission and the corresppisding
called astrong eigenmoddf all the eigenvalues are much larger thdp,the capacity is a sum of

terms of a similar magnitude.

C. Asymptotic Behavior of Capacity
We investigate the growth of capacity of MEA system as the number of antennas grows large for

two cases: (a) when the transmitter knows the channel and (b) when it does not. The cisfyaeity
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C, are random variables that depend on the specific realizatidgh dhe channel is described by

equation (2), and we assume tlas complex, zero mean white Gaussian noise vector with variance

2

NoW, andH has i. i. d. complex entries with variantEeinj - E(Hij)|2 =V . All the assumptions in

Section Il hold. For simplicity, when antennas are used, we denbtk, (P, H) andC,, (Pot, H) as

Ml andC,, respectively.

1. With Perfect Channel Knowledge at the Transmitter

For a giverH, the capacity is given by the water-filling solution (9):

Cr(Pop H) = ._il(Ing(W\i))Jr (13a)

wherep satisfies

1
S %1 - )T% = Py, (13b)
I |

and); are the eigenvalues diHT , which are random variables that depend on the realization of
For eachn, let F,, be the empirical distribution of;, i.e., the fraction of; less than or equal td for

the case witlm antennas:
_ 1.
F.,(A) = ﬁ|{|.()\is)\)}|.

Note that the capacity depends Binonly through the empricial distribution af;, F,(A). The
asymptotic properties of the random variaklg depends on how the distributidf}, behaves as
approaches infinity. The following theorem is the result of the work by Marcenko, Yin, Silverstein et
al in [9]-[11].

Theorem 1. DefineG,(A):= F,(nA). Then, almost surelys,, converges to a nonrandom distri-

bution G*, which has a density given by:

0y 11
= == O<A<4
glA\) = gwA 4

otherwise.
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The scaling byn in the definition off,, means that tha; are growing as order. After rescaling,
the distribution converges to a deterministic limiting distribution, i.e. for laxg&e empirical distri-
bution of the singular values looks similar for almost all realizatioMotJsing this theorem, we get

the following result:
2

i V Py
Proposition 1.1.Leta = W.Almost surely,

0
Cn(Prov H)

- - CHa),
where
C() = [/ (log, ()" THTA)o) (142
andp satisfies
(-3 ma = a. (14b)

This indicates that,, scales likenC*.

2. Without Channel Knowledge at the Transmitter

Let us now consider the case when the transmitter does not have any information about the
channel, and always allocates an equal pagfn to each of the transmitting antennas. The mutual

information under equal power allocation is

n
Pt t
MI, = § IogZ%H nN;JW)\iE’ (15)
i=1

where {\;} are the eigenvalues diHT . Using Theorem 1, we can prove the following proposition.
2

. . _V Pt
Proposition 1.2.Again leta = NoW

MI (P H)
n

. With almost sure convergence,

-~ MIa),

where



Capacity of Multi-Antenna Array Systems 9 of 29

M1 o) = Iz(logz(1+ aA))" M)A\ . (16)
With the above two propositions, we get

Cn cH almost surel
M- i urely.

The above ratio quantifies the performance gain achieved asymptotically by water-filling, and

depends only on. Using L'Hopital’s rule, it can be shown that at low SNR,

0
im &= =4,
F2ot—’0|v”
while at high SNR,
) ct
Iim — =1
Ptot_’ooMllj

In the next section, we estimate the average capa€jemdMI,, of simulated channel responses
and study how they grow at large The simulation results are then compared to the asymptotic

resultsnC* andnMI* derived above.

IV. Numerical Studies Using WISE

A. WISE System Model
We use the experimentally based Wireless System Engineering (WIiSE) ray tracing simulator to

generate realistic realizations of the channel matrfor indoor wireless propagatio@,, andMl, are
then computed for each realizationtdf WiSE has been developed by Steve Fortune et al at Bell Lab-
oratories [5] to model radio propagation in buildings. The predicted baseband channel impulse

response is of the form:

M .
h() = 3 BB DB(t-1), 17)
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wheref, is the real positive gaif,  the associated phase shiftfand  the propagation delay of the

kth ray.M is the total number of rays ama(t) is the unit impulse function. We can compute the fre-

guency response as:
M o
H(f) = 3 B [/ /27, (18)

As long as the communication bandwidtfis narrower than the coherence bandwidil(f) can be
considered constant over the band of interest. For our analysis, we evat(8ted the carrier fre-

quencyf..

In our work, we model the first floor of a two-floor office building at Crawford Hill, New Jersey
(see Fig. 1) in WISE. We consider the case of multiple omnidirectional transmitting and receiving
antennas, with a 5.2-GHz carrier frequency. For all the simulations, we place the transmitting MEA
on the first floor ceiling near the middle of the office building (see Fig. 1). Antennas are arranged in
square grids within horizontal planes at both the transmitting and receiving sites. The separation
between antenna elements is the same at both the transmitting and receiving MEAs. The antenna
spacing is denoted akand we consided = 0.5\ (2.9 cm). The location of the transmitter is fixed.
Receiving antenna-arrays are placed with random rotations on the horizontal plane at 1000 randomly
chosen positions in each of three rooms: L117 (closest to the transmitter), L147 (at intermediate dis-

tance) and L175 (furthest from the transmitter).

H varies for different receiver locations. When we take expectation with respect to different real-
izations ofH, we mean taking the ensemble average over the 1000 sample receiver locations. The
capacities with and without water filling;,, andMl,,, are computed for differemt Since the channel
changes as the receiver is moved around, the capacity is treated as a random variable. The values of
C,, andMlI, vary for different receive locations. The results will be presented in terms of complemen-

tary cumulative distribution functions (CCDFs). The averaGgsndMI,, are then computed.

1. Channel Outage

As mentioned before, capacity is dependent on the channel realization and hence might change

considerably when the receiver is moved from one place to another. The communication is considered
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successful only if the capacity is above a certain threshold. When this is not met, we say that a
channel outage has occurred. Outage is a probabilistic event and we are interested in its tail distribu-
tion. The figures of merit that are of greatest interest are the valugsafdMI , that can be attained

with probability 1 -&, denoted a€,f andMI E. For example, PG, < Cf) = €. Here we consideg =

0.05 and call this 5 % channel outage. From the CCDFs that we obtain from WIiSE, we determine the

capacities at 5 % outage probabilig;>® andmi 2%,

2. Received SNR

We assume the fading path gaitfy, fori, j = 1, 2, ...,n, are identically distributed with the same
variancev?. We assume thaf is the same for all fading gaiH;; for the receiving antennas that are
co-located in a specific office room. Howevef,varies when the receiving MEAs are moved into
another office room, for examplez, is different between room L117 and L147. Within each room, we
estimatev® = E[|Hij —E[ Hij]|2] , from the channel respo$generated using WiSE by averaging

over 1000 channel realizations, and over all possible antennajpairs,

The average received SNR is defined to be

(19)

wherev?is estimated as explained above.

We assume thap should be high enough for low-error-rate communication. The appropriate
range is 18-22 dB, due to the practical constraints on A/D converters that are available with current
technology. For all our simulations, we assume W to be 10 MHzNgytd be -170 dBm/HZ, giving
a total noise variancllgW of -100.8 dBm. Py is a parameter that we can vary in our experiments in

order to vary the received SNR

B. Simulation Results and Discussions
The larger the separation between the transmitter and the receiver, the smaller the values of

achievable capacitigs, andMl . Fig. 2 illustrates this phenomenon. The three pairs of curves are the

CCDFs ofC,, andMl, in each of the three office rooms for the case when4 and the antenna ele-

+ Typical two sided power spectral density of thermal noise at 300 K (room temperature) for a receiver that is
modeled as a 50 ohm resistance is -170.8dBm/Hz.
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ments are separated loy= A/2. We fix the transmit poweP;; to be 20 dBm, so thaP;y/Ny =

120.8 dB for all three office rooms. The average received S)\Bepends ow?, which is different

for each office room. From our empirical daga= 17 dB when receivers are placed in the furthest
room L175,p = 38 dB for L147 anch = 55.7 dB for L117. At 5 % outage\ll .*-%°is 60.7 bps/Hz in

L117, 18.9 bps/Hz in L147 and 4.6 bps/Hz in L175. Ra¥ 4, there are 4 distinct eigenvalues)(for

HHT. The smaller the separation between the transmitter and receiver, the more strong eigenmodes
exists for effective communication, i.e. the larger the fractionApfthat satisfy the condition

T\lLil)\\/i » 1. Similarly, when optimal power allocation is employed when the separation is smaller, the
higher the proportion of thg; that satisfy condition (12). Therefore there are more strong sub-chan-
nels that contribute to the total capacity in room L117 compared to other rdiqﬁ\g?is 60.7 bps/Hz

in L117, followed by 19.0 bps/Hz in L147 and 6.3 bps/Hz in L175. With a 10-MHz bandwidth, one
can expect capacities in the range of 607 Mbps in L117. Such huge capacities might be too high to be

fully exploited in a practical implementation with current technology. Nevertheless, the information-

theoretic capacity serves as the ultimate limit for the achievable bit rate.

1. Capacity Improvement due to Water Filling

The advantage of having channel knowledge at the transmitter so that water filling can be
employed is illustrated in Fig. 2 by the horizontal gap between the CCDMH pfsolid curves) and
C,. The gain in capacity is more apparent in L175 where there are fewer strong eigenmodes for effec-
tive transmission, which explains the wider gap between the solid and dashed curve for L175 com-
pared to the gap for L147 or L117. When &jlare equally strong eigenmodes, equal power allocation
does as well as the water-filling solutions, resulting in little difference betvivierand C,, (as in
L117). On the other hand, in L175 where only a feyare strong eigenmodes, water filling solution
allows us to pour more power into the strong sub-channels. Therefore the strong sub-channels will
contribute more to the total capaci®y,. If we allocate power equally over all antennas, some power
will be wasted in the weak sub-channels. Therefore, the improveméy @fer M, is more signifi-
cant in this case. The ratio of improvement at 5 % outage probabiity?YMI %% depends on the
SNR level, number of antennasand location of the receivers. For example, with 38 dB andn =

4,C.209Mm1,295=1.7, 1.1 and 1.0 for L175, L147, and L117, respectively.



Capacity of Multi-Antenna Array Systems 13 of 29

The difference betwee@,, andMI, is dependent on the distribution &f, the average received
SNR, p, as well as the number of antennaslo separate the effect that the distributiompmight
have, we only consider one office room, L147, in the remaining simulation results and discuss the

effect ofp andn on C,,, Ml,, C,2:%° MI,.09% andC,2-9mi 005

The CCDFs foMlI, andC,, in room L147 are plotted for different antenna array siresi, 4, 9,
16, 25 and 36 ap = 38 dB in Fig. 3. The rightward shift of the curves shows that the capacity
increases with the number of antennad)ecause space diversity provides additional spatial degrees
of freedom for transmission. At 5 % outage, using a single antenna Mlﬂi%% = 8.63 bps/Hz
while MEA system achieves value up to 19 bps/Hz wher4 and 33.8 bps/Hz whem= 9. Note how
the gap betwee@, andMI, (dashed and solid lines, respectively) grows with the array Mt,é).'05:
8.63 bps/Hz whem = 1, while Cn0'05: 8.86 bps/Hz. This improvement is negligible. However for a
system withn = 4, the difference betwee®?-%*andMI,%-%%is about 1 bps/Hz, which is more than a
5 % improvement. The difference betwe€n?%° and MI,2%° keeps increasing as the number of
antennas increases, and reaches 11.32 % for thenca86. Table 1 summarizes the improvement in
capacity when water filling is employed as compared to the case of using equal power allocation at

the transmitter. The gain is computed for 5 % outage probability.

In Fig. 4(a),C,2-%°andMI,%%° are shown by dashed and solid lines, respectively for receivers in
L147 at various values of SNB. Whenp is small, there are few strong eigenmodes. Knowing the
channel allows us to allocate power more efficiently to stronger subchannels and therefore achieve
higher capacity as compared to equal power distribution over all subchanng@snéreases, the dif-
ference betwee@, andMl, decreases.

0.09M1,,2-%%s plotted in Fig. 5(a). Fon = 4, the ratio

The corresponding water-filling gaig,
decreases from 3 @t=-10 dB to 1 atp = 50 dB. We observe that we need lower average received
SNR to achieve the same water-filling gain when the number of antennas increases. This is surprising
because the asymptotic results from Section 11I-C predicts @jend MI,, will scale asnC* and
nMI* respectively. Therefore, one would expect that the ratio will converge to a constant as shown in
Section 1lI-C, but this is not the case in Fig. 5(a). To investigate this fur@@kil,, is plotted in Fig.

5(b). At low received SNR, the three solid curves (ficr 4, 9 and 16) are closer to one another in Fig.
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5(b) compared to the corresponding curves in Fig. 5(a). We conjecture that this is because the rate of
convergence fo€,2:%° andMI,%-%° (at 5 % outage probability) to the asymptotic value is lower than

the rate of convergence @, andMI,,

2. Asymptotic Behavior of Capacities

We also study the behavior 6f, andMI, asn grows large using channel matrces generated using
WISE. As shown in Fig. 3, the rightward shifts of CCDFs MF,, andC,, asn increases indicates the

capacity gain achieved by using antenna arrays. The theory of Section IlI-C predicts thgitoass

large, the mutual information and capacity of the MIMO channel will scale hikél* and nC*,

respectively. Here, we estimate the varianédrom the simulated channels to compunll* and
nC*. We note that the asymptotic results of Section IlIf®jI* and nC*, assumes i. i. d. channel

responses, while the channels used to estirvteand C,, are subjtect to correlation between the

entries ofH.

The average capacity,, increases when the antenna separatiamincreased. Th€, computed
from simulated channels are plotted in Fig. 6(a) as a functionfof differentd = 0.5\, 1A and 5\ for
high average received SNR= 40 dB. When the antenna spacing is equdl.53, there is a huge gap
between theC, and thenC* predicted from the asymptotic theory of Section 11I-C, obtained is
22.8 % ofnC* for n = 1. The fraction of predicted asymptotic capacity achieved in simulated chan-
nels increases asincreases. In this cas€, reaches 54 %, 59 % and 64 % €* for n = 4, 9, 16
respectively. The decrease in capacity wideis small is due to the correlation between the fading

gains,H;;, which is not captured in the theoretical model used to derive asymptotic results, which

j1
assumedH; to be i.i.d.. As the antenna spacing is increasedXaafd 3\, correlation between
antenna pairs is reduced and therefGganore closely approache€*, as shown in Fig. 6(a). Faf=

5\, the simulated channels have average cap&zitthat reaches 70 %, 84 % and 89 % of the pre-

dicted limitnC* for n = 4, 9 and 16, respectively.

Fig. 6(b) shows an analogous comparison betwdgpandnMI*. As d is increased from 0X6to
1\ and 5\, MI, increases monotonically and more closely approachs at each valuen. Forn =

4,9, 16 Ml also reaches 70 %, 84 % and 89 %bfl*, respectively.
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In the limit of largen, C/n and Ml /n converge almost surely t6* and MI* according to our
asymptotic results. We try to study this asymptotic behavior of the capacities computed using WiSE
simulated channels in the case wigeis large. The empirical probability density functions (PDFs) of
C,/n are plotted fom = 4, 9 and 16 withkd = 0.5\ in Fig. 7(a) andd = 5\ in Fig. 7(b). Asn increases,
the PDF ofC,/n becomes narrower with higher peak value, Cglin becomes less random. In the
limit of large n, we expect the PDF dE,/n to converge to an impulse function centered at the value
C*. This illustrates the almost-surely convergenceCgin to C*. Note that wherd is large (9), the
PDF of C,/n grows narrower and taller much faster than whésismall (0.3). This indicates that the
rate of convergence is higher whdns larger, i.e. when the correlation betweldﬁl Is less. Further
analysis is needed to understand how correlation affects the validity of the aymptotic results in Sec-

tion 1I-C.

V. Conclusions

There is a potentially huge gain in capacity when multiple antennas are employed for an indoor
wireless transmission system compared to a single antenna system. The achievallg azueis||,,
depend on the propagation environment, and grow with the increase of average receivgryl SNR
number of antennag, and antenna separationWith perfect channel knowledge at the transmitter,
power can be allocated efficiently over different transmitting antennas to achieve betteCraldse
water filling gain is more significant when there are fewer strong eigenmodes (71.494186 in
room L175 compared to 0.06 % in L117). The benefit of water-filling is also more obvious at low
average received SNR, e.g. wher= -10 dB, water filling yields 3.5 times larger capacity at 5 %
outage probability €.09YMI 09 = 3.5), but atp = 50 dB, water filling gain is negligible

0.05,, ,,0.05

(Cr%/MIT®= 1),

n
Assuming i. i. d. channels between different antenna pairs, theoretical analysis shows that the
capacity grows linearly asymptotically with the number of antermas the limit of largen. How-
ever, in a more realistic propagation environment, correlation does exist between antenna pairs and
causes a smaller rate of growth in capacity whegrows large. Our simulation results show that for
0.5\ antenna spacing, the simulated average cap@gity only 64 % of the predicted valugC* for

n = 16. When the antenna spacing is increased, we see more agreement l&&haadnC*. Indeed
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with d=5A, theC,, achieved ap = 40 dB is 89 % ohC* whenn = 16. To utilize MEA systems in the
most efficient way, we need to choose appropriate antenna sphdnagsmit poweP;y;, and decide
on the best arrangement of antenna elements in an array as well as the actual locations of transmitting

and receiving MEAs.
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VIIl. Tables
number of antennas, 1 4 9 16 25 36
C,0-%° (bps/Hz) 19.14| 60.70| 126.86 211.51 334.86 459/58
MI,.0-9% (bps/Hz) 19.14 | 60.69| 126.883 211.40 334.p1 45930
% difference 0.00 0.00 0.02 0.05 0.45 0.06
Table 1a: L117
number of antennas, 1 4 9 16 25 36
C, 0% (bps/Hz) 8.86 | 20.02| 36.28 56.87 75.36 1065
MI,.0-9% (bps/Hz) 8.63 18.93| 33.83 5229 6828 9543
% difference 2.65 5.73 7.22 8.75  10.44  11.32
Table 1b: L147
number of antennas, 1 4 9 16 25 36
C,9-%% (bps/Hz) 2.45 6.32 | 10.01 14.05 20.1p 26.23
M1, (bps/Hz) 2.44 4.59 6.65 10.31 12.2p  15.30
% difference 0.19 | 37.78 5051 36.28 64.80  71.40

Table 1c: L175

Table 1: The percentage difference, (C,2%° - MI,%-0%)/Mmi1.%-05 x 100 %, for room (a)
L117 (b) L147 and (c) L175. p=38 dB, d = 0.5 A.
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IX. Figures
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Fig. 1. Floor Plan for the first floor of Bell Laboratories Building at
Crawford Hill, New Jersey. Receivers with antennas positioned in
square grids are placed randomly at 1000 locations in room L117,
L147 and L175. The transmitting MEA is placed with its adjacent sides
parallel to x-axis and y-axis, respectively. The receiving MEA is placed
with random orientation at each of the sample location.
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Fig. 2. The CCDFs of C, (solid curve) and Ml, (dashed curve). C,is
the capacity with optimum water-filling power allocation, and M, is the
mutual information with flat power allocation. Py/N is fixed at 120.8
dB and the measured p is indicated for the three rooms.
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Fig. 3. The CCDFs of C, (achieved via water pouring) and Ml, (with
equal power allocation) for L147 with equal number of antennas at
both transmitter and receiver (n= 1, 4, 9, 16, 25 & 36) at received p =
20dB.
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50

Average received SNR, p (dB)

Fig. 4(a). C.29% (capacity with optimum water-filling power
allocation) and MI,,O'05 (mutual information with flat power allocation)
at 5 % outage probability for receivers in room L147.
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Average received SNR, p (dB)

Fig. 5(a). Water-filling gain C,%%°/M1,%-9° (solid lines) over varying
average received SNR, p, in room L147 for n = 4, 9 and 16. The

reference curve is C*/MF (dashed line) is predicted by asymptotic
theory in Section 1lI-C.
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Fig. 5(b). Water-filling gain C,/MI (solid lines) over varying average
received SNR, p in room L147 for n= 4, 9 and 16. The reference curve

is C*/MI* (dashed line) is predicted by asymptotic theory in Section Ill-
C.
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Fig. 6(a). Average C, with optimum water-filling power allocation in
room L147 for different antenna spacing as nis increased from 1 to 16.
The reference curve (dashed line) is nC*, which is predicted by
asymptotic theory using variance V2 computed from WIiSE channels.
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Fig. 6(b). Average MI, with equal power allocation in room L147 for

different antenna spacing as nis increased from 1 to 16. The reference
curve (dashed line) is nM/I".
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Fig. 7(a). Empirical probability density function for the normalized
capacity C,/nfor n = 4, 9 and 16. The reference value is C*, the
constant that C,, converges to as predicted by the aymptotic theory.
Antenna spacing d = 0.5\.
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Fig. 7(b). Empirical probability density function for the normalized
capacity C,/nfor n = 4, 9 and 16. The reference value is C*, the
constant that C,, converges to as predicted by the aymptotic theory.
Antenna spacing d = 5A.
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Appendix A: Capacity for Channels with Frequency-Selective Fading
We will extend the result to the frequency-selective fading case. Condigiey where each entry

is a function of frequency. Assume the signal is bandlimitedMtblz. We will approximate the fre-
guency response in piecewise-constant fashion by dividing the total bandwid® firequency bins
of width Af , each of which is narrow enough so thHd{ f) Is approximately flat within the bin.

Applying SVD separately to each frequency band 1, 2, ..., Bwe have

Am) = O(mDm)V'(m).

The capacity per unit bandwidth can be approximated as:

C. C.(H,W,P,P B mn{T.R  [A.(m)D:(m) [
_n - n( I tot) ~ l D |:| z IOg |( ) |:(-\)II( ) + 1|:||:|’ (20)
W B [Af B =1[] i*1 L] NO DD

Whereé“D are chosen to meet the power constraints:

B T .
3 2 QiHm <Py, (202)

B T
S Y VimPEmiHm <P, for j=1,23..,T. (20b)
m=1i=1

Assuming that signals in different frequency bins are orthogonal to one another, the channel
reduces to parallel Gaussian channels that prdBididegrees of freedom in choosing the variances of

theT signals transmitted iB frequency sub-bands.
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