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Attainable Throughput of an Interference-Limited Multiple-Input
Multiple-Output (MIMO) Cellular System

S. Catreux, P. F. Driessen, and L. J. Greenstein

Abstract—\We investigate the high spectral efficiency capabilities general-purpose system-level simulation platform developed
of a cellular data system that combines the following: 1) multiple for this study, we define a metric for the system performance
transmit signals, each using a separately adaptive modulation; 2) and quantify it over a broad range of channel conditions and

adaptive array processing at the receiver; and 3) aggressive fre- tem desi fi Wi i del d i
quency reuse (reuse in every cell). We focus on the link capacity System design options. We outlineé our models and assumptions

between one user and its serving base station, for both uncodedin Section II, present our numerical findings in Section Ill, and
and ideally coded transmissions. System performance is measuredcite some further areas worthy of research in Section IV.

in terms of averagedata throughput, where the average is over user
location, shadow fading, and fast fading. We normalize this average
by the total bandwidth, call it the mean spectral efficiencyand show II. SysTEM MODEL

why this metric is a useful representation of system capability. We  The general configuration for a communication link that em-
then quantify it, using simulations, to characterize multiple-input )y itiple transmitting and receiving antennas is illustrated
multiple-output systems performance for a wide variety of channel "~ . . .
conditions and system design options. inFig. 1. Asingle user’s data stream is demultiplexed among the
n transmitting antennas, each of which conveys a distinct sub-
stream. Each substream is encoded into symbols drawn from an
M-QAM 2 family of modulations. Note that the QAM constella-
tion size may differ from one substream to another and is chosen
. INTRODUCTION via an adaptive modulation algorithm. This system is spectrally
ULTIPLE transmit antennas, adaptive modulatiorgfficient because all the signal components are sent out in par-
M and adaptive receiver arrays are all wireless commadllel, at the same time and over the same frequency bandwidth.
nications techniques that can be used to increase spectfdgrefore, they share a common wireless channel. These signal
efficiency. Adaptive array processing at the receiver has lof§mponents are received by an antenna array whose sensor out-
been used to increase the capacity of wireless systems [1], Pyts are processed such that the original data substreams can be
With multiple antennas aboth the receiver and transmitter,recovered.
forming a multiple-input multiple-output (MIMO) system with ~We consider an MIMO system in a cellular data environment,
n transmitting antennas and > n receiving antennas, it is Where a given cell (comprising a serving base station and one
possible to achieve an-fold increase in capacity, providedmobile user on every frequency channel) is surrounded by one
there is significant decorrelation of the complex path gains g@ntiguous tier of six cells, with full frequency reuse in every
the receive array elements [3]-[10]. Adaptive modulation, igell. The assumption of only one tier of interferers (made to sim-
which the transmission parameters (e.g., power, constellatiify the simulations) is optimistic; we offset t, at least partially,
size) are adapted to exploit prevailing channel conditions, al4éh the pessimistic assumption that all cochannel interferers
yields significant increases in capacity [11]-[14]. are transmitting all the time.

Previous results on MIMO systems were all obtained for a We study the performance of MIMO systems by investigating
single link with no external interference [3]-[10]. Here, we&/arious system sizes, denoted py,m), wheren (m) indi-
quantify attainable MIMO performance in interference-limitegates the number of transmit (receive) antennas. Performance
cellular systems and compare it to that of more tradition§PMparisons are made with more conventional approaches, such
approaches (i.e., those that use receive-diversity only, or @®single-input single-output (SISO) system (1,1) (no diversity)
diversity) under the same conditions. Note that we use adapti/ed single-input multiple-output (SIMO) systefism) (diver-
modulation rate in conjunction with the MIMO technique, i.e Sity only at the receiver end). We will focus on the downlink but
each transmit signal uses a separately adaptive modulatiBfgsent findings for the uplink as well.
matched to the instantaneous channel condkiodsing a  The simulation approach is as follows.
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Fig. 1. Model of digital communication system with multiple transmitting and receiving antennas.

loss exponenty = 3.7, shadow fading standard deviation user position (distance from its serving base) and shadow
o = 0,4, or 8 dB and Ricear -factor = 0 or 10. When fading. Its average over all user locations and shadow fad-
sectoring is used, we assume three sector antennas per celhgs is themean spectral efficiengyn b/s/Hz, which is our
each with a 3-dB beamwidth of 90 primary metric for making comparisons. In a cell with many
Array ProcessingWe consider two alternative schemes for users, the total information rate delivered divided by the total
separating at the receiver thesignals transmitted from the bandwidth is a random variable narrowly distributed about
base. One scheme linearly combines the received signalshis value. It is thus a very good measure of data system ca-
using a set of weights that yields th@nimum mean square pacity.

error between the estimate and the true signal (MMSE The key assumptions in this study are that the channel has a
scheme). The second scheme, calldered successive flatfrequency response (delay spread is negligible), it is static
interference cancellatiofOSIC-MMSE) is an improved during the packet duration (slow fading), and its complex
version of MMSE suggested in [9] and [15]. It is a recursive path gains are uncorrelated. We also assume perfect adapta-
procedure that sequentially detects the different signaltion of the modulation rate to the channel state. Additionally,
components in an optimal order. First, MMSE combining is the total power transmitted on each link is the same, regard-
applied to the received vector signal. Then the substream withess ofn, i.e., the power isP/n per transmit antenna. The
the highest output signal-to-(interference-plus-noise) ratio multipath-averaged signal-to-noise ratio (SNR) is the same
(SINR) is detected first, and its contribution is subtracted at each receiver branch for a given location and is a random
from the total received vector signal. The same process isvariable over the shadow fading. The median of this random
repeated until alk substreams are detected. variable when the mobile is at the cell boundary is a chosen
Adaptive Modulation RateWe assume an algorithm that parameter in our simulations, denoted sayThe median of
perfectly adapts the transmission rate on each transmithe multipath-averaged SNR at a distadde written as med
antenna (via the number of modulation levels), according to(SNR) = p (D/d)", whereD is the cell radius. Finally, we

the radio channel and interference conditions. The per-useassume no cell site diversity in most of our computations, i.e.,
data throughpul” is the sum of the throughputs of the users communicate with the base thatgarestnot strongest.
decoupled subchannels, where the throughpubf sub- However, we also examine the possible benefits of cell site di-
channel; is determined for two extremes cases:idgally versity.

coded signalgperfect error correction), where throughput

is given by the Shannon capacity = log, (1 + SINR;),
SINR; being the SINR at theith output of the com-
biner, and 2)uncoded signalswith perfect error detection
in each block. In this case, the throughput is given by Fig. 2 presents afirst set of results that show the range of mean
T, = log, M;(1 — BLER(SINR;)), wherelog, M; is the spectral efficiencies attainable using systems (1,1), (1,3), and
number of bits per symbol, and BLER is the block errof3,3), in the presence of cochannel interferers (CCl). The figure
rate forL-bit blocks. By plotting this term for an uncodedadditionally reveals the influence of two design choices namely,
M-QAM family of modulations, we found that the envelopd1) power controleither no power control or signal-level-based
of the throughput versus SINR is closely approximated kgower control); (2)base antenna beam pattefeither all base

the Shannon capacity, shifted by a factor of about 8 déhtennas are omnidirectional or they are directional in each of
[18]. In other words, for our purposes; can be expressedthree sectors, with a 9thalf-power beamwidth per antenna).
generally asl; = log, (1 + SINR;/a), wherea = 1 with The parameters;, o, andp are setat 3.7, 8, and 20 dB, respec-
ideal coding and: = 0.16 with no coding. The results for tively, and the reuse factor iB = 1. The Riceank -factor is

any specific practical coding scheme can be expected to fatjual to 0. The main findings are summarized below.

between these two cases. Finally, the per-user throughiput We first recall that these results were partially shown in [18],
is expressed a8 = >, T;. where it was seen that MIMO system (3,3) suffers more perfor-
Throughput Metric We average the per-user throughpiit mance degradation that SIMO system (1,3), when going from
over the short-term Rayleigh fadings of the path gains. Tlenoise-limited environment to an interference-limited environ-
result (called the user’'spectral efficiencyis a function of ment. This degradation is due to the lack of degrees of freedom

Ill. RESULTS

A. m,n < 3 and Unlimited Modulations
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Fig. 2. Mean spectral efficiency (b/s/Hz) for systems (1,1), (1,3) and (3,3) in

multi-cell environment. Downlinkk” = 0, R = 1,0 =8dB,p = 20dB.L:  Fig 3. Mean spectral efficiency (b/siHz) for systems (1,1), (1,3) (1,6), (3,3)
Sectoring: Omni, M: MMSE combining, OSIC-M: OSIC-MMSE combining. and (3,6) in multi-cell environment, for unlimited and limited modulations.

Downlink, K = 0, R = 1,0 = 8 dB, p = 20 dB, sectored antennasl:
OSIC-MMSE combiningx: MMSE combining.o: no processingx : Adaptive
to combat CCI. We will see in Section IlI-B that increasing theodulation limited to 64QAMA: Adaptive modulation limited to 16QAM.

number of receivers brings back the throughput advantage of

MI_II\_AhO ;y;tems ovferhSIMhO §ystefrnf]. b b There is almost a two-to-one improvement in performance
e ue.nce of the choice o t € base antenna beam page, using MIMO system (3,6) instead of MIMO system (3,3).

tern is clear: the throughput benefit in using sectored over o his enhancement is provided by the extra degrees of freedom

nidirectional antennas is about twofold. This is consistent wi ed by the receiver to cancel cochannel interferers and reduce

results from conventional systems (using three-sector antenﬂ?@eﬁect of multipath fading. However, increasing the number
enables cellular planners to bring down the reuse factor from receivers in an SIMO system also im’proves the performance
to 7, which amounts to an increase in capacity close to twofg ?gnificantly. In fact, the SIMO system (1,6) is close in perfor-
[17D). ) ) mance to the MIMO system (3,6). However, the mean spectral
Next, we compare signal-based power control with N0 POWgfsciency of 11 b/s/Hz shown for SIMO system (1,6) implies a
control. We see that the mean spectral efflc_lenmes of systemsstellation with 2048 points, whereas MIMO system (3,6) can
(1,1) and (3,3) drop by about 50% when using power contrgl ey this same capacity level with three data streams using
System (1,3) is more robust and undergoes only half that 10s8._ ¢ ~onstellation points (16-QAM) each.
This finding is consistent with [12], which reports that using |, rig 3 the symbok indicates the mean spectral efficiency
adaptive modulation without power control provides a signifi, ,ncoded signals, when the adaptive modulation is limited to
cantly higher throughput than using adaptive modulation Withy»imum constellation size of 64 points. The triangle symbol
SINR-based power control. We present further power contrgl, esents the mean spectral efficiency when the maximum
results in Section llI-C. is set at 16 points. The system (1,6) undergoes a dramatic

Finally, when considering the F:ombining technique used f‘aregradation, losing 50%—60% of its performance, while system
MIMO system (3,3), we see thatin all cases, OSIC-MMSE 0ufy 3y gyfers from 25%-45% of degradation. MIMO systems

performs MMSE. This is not surprising, since OSIC takes agy e 4 more temperate loss. The advantage of MIMO systems

vanf[age of successive interference cancellation from prior %er SIMO systems is now more evident: The gain of MIMO
tections. system (3,3) over SIMO system (1,3) is now about 1.6, and the
gain of MIMO system (3,6) over SIMO system (1,6) is a little
B. m,n < 6 and Limited Modulations over 2. We conclude that MIMO links outperform SIMO links
ngen practical modulations are used, though less so than in a

Increasing the number of receivers beyond the number .
é}_pgle-cell environment [19].

transmitters will add more degrees of freedom for interferen
cancellation and thus will improve the performance of MIMO o
systems by providing diversity against fading and CCI. Fig. §- Other Findings
shows how the mean spectral efficiency is affected by systemBeyond the results presented above, we examined a number
size, specifically targeting systems (1,1), (1,3), (1,6), (3,3), anfl other conditions, parameters and spectral efficiency prop-
(3,6). It also shows the effect of limiting the number of moduerties. In each case reported here, our findings are distilled
lation levels. from a large number of examined combinations of system size
Table | presents the mean spectral efficiency for all systerfys, m), coding (none versus Shannon limit), MIMO receiver
considered, for the case of uncoded signals, unlimited modweocessing, power control (none versus signal-based), base
lation, and with OSIC-MMSE applied to the MIMO systemsstation antenna pattern (omni versus sector) and modulation
(3,3) and (3,6). (limited versus unlimited).
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TABLE |
UNCODED MEAN SPECTRAL EFFICIENCIES INMULTICELL ENVIRONMENT (B/S/HZ), UNLIMITED MODULATION

System (1,1) (1,3) (1,6) (3,3) (3,6)

Mean Spectral
2.57 5.98 11.02 7.15 12.76

Efficiency

Reuse FactorR—All results presented here have been fcg 09998 s
frequency reuse in every c€lR = 1). For larger reuse factors, :> 0.9991 ~ 7~ % _4 4B
CClisreduced, leading to more throughput per user. Atthe sa 4 g2 099 = o=8dB L
time, the number of active users per cell is reduced by a féttor £ < 0% b J
In virtually every case examined, the gain in per-user throughy & 8'2 ; : e
was more than offset by this reduction, so tikat= 1 is the é’ . P i
optimal reuse factor in our all-data scenario. w gg ety 1
Median SNR p—For all results presented here, the medlas 0.2 Lo e ]
SNR at the cell boundary has begn= 100 (20 dB). For the 3% oa i 3 1
noise-limited case, the mean spectral efficiency grows mor & 0.01 e ,._/' o
tonically with the logarithm op, as shown in [19]. In the mul- ?5 TF e / o 7
ticell environment, however, there isgabeyond which mean & 0001 i o S
spectral efficiency becomes CCl-limited, and there is no furth© 9-0001 - TS R o
increase withp. Over the many cases we examined, the plate User Spectral Efficiency (bps/Hz)

began somewhere in the range 15-20 dB.
Fig. 4. CDF of user spectral efficiency across users, over the cell, for SISO
Propagation Parametery, o, K)—We have used a distance system (1,1), in the single-cell environment. Uncoded chss; 0,p = 20dB,

exponent ofy = 3.7 throughout our calculations. This valuedownlink, no power control.
is typical and appropriate, though we know that it can range
from 3.0 to 5.0 or more from cell to cell [16] and that CCI de £ < 40

creases monotonically with increasingThus, we can predlct & No PC, no QAM limit (£=7.15)
that mean spectral efficiency will increase (decrease) somew o = 35[ —— '/\D/g PC, (Z)Z%M /in(vit (§3= 5-)32)

£ R , No imit £= .54 i

as+y increases (decreases) from 3.7. o % 20 - PC. 16QaM limit (5 = 3.49) |

In the case of shadow fading standard deviatipnwe ex- 5 W

plored values other than 8 dB, and we found a minor impa« g 25[
with a generally decreasing trend. Specifically, over a large s%’
of cases, the mean spectral efficiency increased moderately&
o decreased from 8 dB to 0, the increase never exceeding 5(g 15,

The Riceark -factor also showed a minor impact, with a gen §_
erally decreasing trend for MIMO systems. Specifically, ove‘g
many MIMO cases treated, mean spectral efficiency decreas3 g
moderately ad( increased from 0 to 10 (which is at the h|gr g
end of practicalK-factors). The decrease was never more th ‘g % 03 0% 0% 58 g
50% and was substantially lower in most cases. < Distance from Mobile to Cell Center, Normalized to Cell Radius

Uplink Versus Downlink-All results here are for the down-
5. Average user spectral efficiency as a function of user position, where
link, but we have observed, over a large set of cases, a str(grpggthe mean spectral efficiency in b/s/Hz.
tracking of results for the uplink and downlink. The uplink has

higher capacity in almost every case, but most often by less tharrhroughput Versus DistaneeThe averaging of user spectral
10% and never by more than 24%. efficiency over a cell obscures the sometimes strong influence of

Variability of Throughput-The variability of user spectral user position (distance). To evaluate distance effects, we divided
efficiency about the mean was also examined, for numerothe cell into 10 annular rings, each of width equal to 10% of
cases and for several valuesafA typical example is given the radius, and averaged spectral efficiency over shadow fading
in Fig. 4 for an SISO system (1,1), with sector antennas aadd position for users located uniformly in each ring. A typ-
no power control. Foer = 0, the distribution is approximately ical set of results is given in Fig. 5 for an MIMO system (3,3)
log-normal (as indicated by the nearly straight line), but it bevith sector antennas. With unlimited modulation and no power
comes less so asincreases. Also, the spread of values increasesntrol, unrealistically large values are computed close to the
with increasings in the region of low throughput. Thus, therebase, due to very high SINR. Introducing a limited constella-
is a moderate decrease in the distribution mean with increastian size (16-QAM) leads to a dramatic leveling. This effect is
o, atrend cited earlier. Similar results were obtained in all othewven stronger using power control, with or without limitations
cases. on constellation size, at a cost in total cell throughput.

— L
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Cell Site Diversity—In all of our results, we have assumed [5]
each user communicates with the nearest cell site, not neces-
sarily the “best” cell site. However, we also examined the bene-g
fits of signal-based cell site selection, wherein each user selects
the base to which the mean path gain is highest. We found that
this process can raise the throughput by around 20% for users 3
the cell boundary, with the average over the cell increasing by
no more than a few percent. ]

IV. CONCLUSIONS [9]

We have shown that the combination of adaptive modulation,
aggressive frequency reuse, efficient array processing and mul-
tiple antenna transmission can significantly increase the dafa0l
throughput in a cellular system. These techniques should find
rewarding application to future generations of wireless systems.

There are many possible avenues for further work in this in11]
teresting and promising research area. Otherimpairments, in ad-
dition to CClI, should be examined to make the results more reg12]
alistic. Among them are adaptive algorithm implementation er-
rors, dispersion, time variations, correlated path gains, and cop;,
trol/overhead issues associated with using rapidly adapted data
rates.
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