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On the Capacity of Cellular Systems With MIMO
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Abstract—t is shown that the mutual information of a single, higher MI by reducing the number of MIMO streams. For ex-
isc_)lated, multiple_ tr_ansmit and_receive antenna array link is maxi- ample, consider a case with an isolated link usipdransmit
mized by transmitting the maximum number of independent data - 4ntennas and, receive antennas. Assume a single MIMO in-
streams for a flat Rayleigh fading channel with independent fading . .
coefficients for each path. However, if such links mutually inter- Le/Terer withk streams. I, streams are transmitted, array pro-
fere, in some cases the overall system mutual information can be C€Ssing theory implies that the interference can be nulled and
increased by transmitting fewer streams. reception of the data streams enhanced,ift £ < n,.. This

Index Terms—Antenna arrays, channel capacity, MIMO. suggests that it + & = n,. + 1 then the user of interest might
achieve higher MI by reducing the number of streams trans-
mitted by at least one. We first show that this is not the case
based on an analytical proof. For simplicity, we focus on sys-

RANSMIT and receive antenna arrays used to foriems with two transmit antennas. Our analytical proof shows

multiple-input multiple-output (MIMO) channels havethe Ml of a single, isolated link is not improved by reducing the
shown great potential in isolated, single link communicatiorgimber of streams transmitted from two to one. For generality,
without cochannel interference [1], [2]. For a flat Rayleighve actually demonstrate that it is always better to send the max-
fading channel with independent fading, maximum averag@um number of streams possible as opposed to one stream for
capacity [largest average mutual information (MI)] is achieveehses with any... A numerical example illustrates our point.
[1], [2] by sending an independent information stream from On the other hand, if one user in a cellular system uses fewer
each transmit antenna which is the maximum possible numBéMMO streams, this will create fewer cochannel interferers for
of streams which can be sent. Very recent investigations haatder users. In fact we show that the Ml of each user can be
shown that cochannel interference can seriously degrade ithereased if the number of streams transmitted by each user is
overall capacity [3] when MIMO channels are used in a cellulglecreased, for certain signal-to-noise ratios (SNRs) and inter-
system. Here we ask if it is always best to send the maximdgrence-to-noise ratios (INRs). We demonstrate this by showing
possible number of independent information streams in ordbat the M of a two stream user faced with a two stream inter-
to achieve maximum MI. In particular, we investigate the ideigrer can be lower than the MI of a one stream user faced with
of adaptive MIMO, where the number of independent strearaone stream interferer at certain SNRs and INRs.
transmitted may be fewer than the maximum possible. Note,

. INTRODUCTION

the number of streams is less than or qual to thg number of Il. MODEL OF MIMO CHANNEL
transmit antennas. For example, we consider a single stream ) ) )
transmitted by multiple antennas in some cases. Consider a system where cochannel interference is present

Consider a flat Rayleigh fading channel with independeffom L — 1 other users. Let us focus on tii¢h user and as-
fading coefficients for each path. First we consider the M giume each user employs transmit antennas and, receive
a single, isolated link with cochannel interference. By isolateédt€nnas. In this case the vector of received complex baseband
we mean that we have no control over the signaling used by §#&mples after matched filtering becomes
users generating the interference. In particular we cannot control
the number of streams they employ. Further, we consider only 1
the Ml of the isolated link and do not consider any Ml associ- yo=+prHopxp + Y i He % +n (1)
ated with the links which interfere with it. There are some cases i=l

of this type where it might first appear to be possible to aChle\\fv%ereHij andx; represent the normalized channel matrix

and the normalized transmitted signal of usgrrespec-
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. . _1/2 . . .. .
mUItIpIylng yL by RL b After performlng thIS mu|t|pl|cat|0n R —&— 2strtrans, 1 str int./1 strtrans, 1 sir int, 0 dB INR
we can use results from [1], [2] to express the Ml between the [ | 2 2 o s s, L o e e na

—« 2sirtrans, 1 sir int./1 str trans, 1 str Int, 20 dB INR

input and output for the user of interest as in T o s e i
2 strfrans, 2 str int/1 sir trans, 1 str [nt, 10 dB INR
I(xp; (yr, He))

2 strtrans, 2 str int/1 sir trans, 1 str Int, 20 dB INR
= E {log, (det(L., + pcHL S.HY LR7Y)) . (2

2 strfrans, 2 str int/1 sir trans, 1 str Int, 30 dB INR
In (2) the identitydet (I + AB) = det (I + BA) was used and
we have assumed the receiver knows the realizatidt of
Since Sy, is positive definiteS; = ULALUf whereAj,
is the diagonal matrix of the nonzero eigenvaluesSgfand
U is the unitary matrix with columns consisting of the eigen-
vectors ofSy. UsingS;, = UpA U in (2) and defining

0o *

E(I)/(E(l} with 1 stream trans, 1 stream Int)

IA{LyL = H; ;U we obtain an equation in exactly the same G em b oomemoEE Loat
form as (2) but withH; ; — Hj ; andS; — Ajr. Since S N NS R S SO I NI PR .

. . . S . . . -25 -20 -15 -10 -5 0 5 10 i5 20 25
the distribution ofHy, ;, and Hy, ;, are identical [2] we find SNR, 0B

the value ofl(xr; (yr,Hr)) from (2) is unchanged when we _ , , ,
| S, with A, This tells us that we onlv need to Con-Flg' 1. Solid curves are average mutual informatfofy } for two transmitted
I’?p ace_ L L- = y streams divided by the average mutual information for one stream transmitted
sider diagonaB, to optimize!(xr;(yr,Hr)) from (2). We with the same one stream interference. The dashed curves are average mutual
call the number of nonzero entries of the diagonal matrixthe information for one _transmit_ted stream and one interference stream divided by
ber of streams we embloved. We see now we aet the s the average mutual information for two transmitted streams and two interference
num 4 P y : ? : 9 aPeams. All assume flat fading with either 0-, 10-, 20-, or 30—dB INR.
performance (in terms of (2)) if we radiate using < n; an-
tennas to ,prOdll:CE the covariance mathxl?s we dho vvlhen We \eight vectorw, is used at the receiver so the MI obtained
r_ad|ate usinga the antennas USMQA’/UL - We should men- using the single stream (and feedback) is (by Cauchy-Schwartz
tion that in terms of outage capacity the second approach VYHlaquaIity)
generally have advantages if properly employed [4]. Itis known
X . 2
[2] that th_e channel WI|| only supporhin (nt_, n,.) streams so E {maxlog2 <1 + ‘WrHRzl/QHL,LWtS )}
we call this the maximum number of possible streams and re- W
strict attention to this number of streams or less and assume 2)}

—E {103‘2 <1 + oL ‘Rzl/QHL,LWt

each stream due to the lack of knowledgeltf at the trans- = E{logy (14 prAn, )}
mitter. | 1A
< E{logy(1+E{pr A, | An )}
I1l. | SOLATED LINKS AND SYSTEMS =F {108‘2 <1 + &)‘nm>} “)
Tt

To compute the capacity of an isolated link we want to max- . ,
imize (2) overSy, for givenSy, ..., S, ;. For cases without whgrepL is the effective SNR. Thu; by a well-known the.orem
interference [25;, = (1/n,)L,, is optimum. Thus an indepen—Of linear algebrg;, would equalp;, if we could choosew; in

: 1/2
dent data stream should be sent from each antenna so tha@h@Ptimum way based on exact knowledg®qf*"Hy, 1, (re-
maximum number of streams possiblg = min (n;,n,) =n, dUIres feedback). In cases without feedbagk< py, resulting

should be used. From (2), employiig = (1/n:)L,, in a case in a_Ioss of capacity. The inequality in (4) isjustified by thg con-
with interference gives vexity of —log z and Jensen’s inequality. The final equality in
(4) expresses the fact that lack of knowledg®gF/ *H , 1, can
< I be quantified as a loss of the average received SNR (much like
I(xp;(yz, He)) = B {Z log, <1 + Z_t)”) } (3 aloss of coherence) when compared to the best possible case.
=1 By comparing (3) with (4), itis easy to see that (3) will always
where \; < Xp--- <X, are the eigenvalues ofbe as large as or larger than (4) since (4) is exactly equal to
(RZI/QHLL)(RZI/QHL,L)H. Now we want to demon- the last term in (3) and the other terms in (3) are nonnegative.
strate that it is always best to send as many streams as possibles it always makes sense to transmit the maximum number
to maximize the average MI of an isolated link, for a givenf streams when considering an isolated link. The result in (4)
transmit power. To illustrate this point in a simple way, wean be generalized for cases with more than one stream. These
investigate sending one stream as opposed to sending mmyeclusions can also be verified numerically. Here we focus on
streams. a case withn,. = n; = 2. Numerical results illustrating the
Consider transmitting only one data stream from the transrsiiperiority of using two streams are provided in the solid curves
antenna array and using optimum linear combining at the Fig. 1 which show the ratio of the two-stream Ml to the one-
receiver. Lets denote a complex constellation symbol represtream Ml versus SNR for a common (0, 10, 20, or 30 dB) INR
senting elements from the data stream to be transmitted ahe to a single stream interferer. Since the ratio is always larger
assume a unit-length transmit weight vectay will be chosen than unity, transmitting two streams is always better for the same
so thatwy s is transmitted. The optimum unit-length combiningsingle stream interferer. From Fig. 1, itis clear that the increased
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MI from transmitting two streams gets smaller as INR increases 20
as expected.

If we wish to compute total system capacity we should find
S1,...8z to maximize

151
S

L

Zf(xi; (yi,Hr))= Z E{ log, < det <Im +piHi ;S

L e femem))

<Inr+ > miHiSHL
(®)

J=1.57
It is easy to see that there is no loss in optimality from consid- -s
ering diagonaB;,j = 1,..., L in (5) using similar arguments

as used for (2). w : %NR - : . .

SNR, dB

IV. MIMO STREAM CONTROL Fig. 2. Average mutual information (two streams for desired and interference

nals)—average mutual information (one stream for desired and interference

A key issue for system capacity is that interference from orignws) versus SNR and INR.

user will hurt another. In fact, it may be better to have all users
use fewer than the maximum number of possible streams in
order to increase the MI of each user. To illustrate this con-

sider a particular case with, = n,, = L = 2 where each We have analyzed MIMO capacity with interference.
user experiences interference from one other user who uses\iite have shown that reducing the number of streams trans-
same number of streams as they do. Each user also has the samed by all users can provide benefits for system MI. Here
SNR(p1 = p2) and INR (72,1 = n1,2). Thus we consider the we have not shown that the optimum signaling will use
value of (5) achieved by a system that uSgs= (1/n)I,, S, = S, = diag(1,0) for n, = n, = 2 in some cases.
andS, = (1/n,)L,, where all users use two streams. We conmHowever we have shown this in a companion paper [5]. We
pare this to the value of (5) achieved by a system that usgs/e introduced the interesting idea of stream control. Similar
S; = S, = diag(1,0) where all users use a single streantesults have been obtained [4] for cases with various numbers
The ratios of these quantities are provided in the dashed curgg¢@ntennas, feedback, and outage capacity. It is clear that the
in Fig. 1. Here we find that if all users use a single stream, thgsults given can be easily extended to OFDM communication
system Ml in (5) is often higher than if all users use the ma%ystems with nonflat fading [6], and an arbitrary number of
imum possible number of streams, which is two in this case. R@channel users. We note that the results presented here hold
ducing the number of streams transmitted is somewhat similsly for infinite size constellations and infinitely complex
to power control. Thus other users see more favorable interfggding since they are based on capacity. For a discussion of

V. CONCLUSION

ence environments when you control the number of streams ygkes without coding, the interested reader is referred to [7].

employ. In particular, using fewer streams frees up dimensions
for others to signal within while still experiencing no interfer-
ence. One might wonder exactly how important it is to select
the correct number of streams. Fig. 2 shows the difference in[l]
MI using two streams versus one stream desired and interfer-
ence signals as a function of SNR and INR using a contour plot.2]
If SNR and INR can be estimated, such a plot could be used tq;
select if one or two streams should be used by two users that are
mutually interfering. The contour plot shows clearly the loss in ]
MI that would result by not making the selection correctly for a
given SNR and INR. In fact, one can imagine more complicated
schemes similar to the power control algorithms typically used[®!
in cellular systems that would control the number of streamsg
used by each user. One observation is that for SNR and INR be-
tween 0 and 10 dB, which holds strong interest in cellular sys-
tems, there is a modest difference between the Ml of one-strearh’
and two-stream systems.
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