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Adaptive Mode Switching in Correlated Multiple Antenna
Cellular Networks

Chulhan Lee, Chan-Byoung Chae, Sriram Vishwanath, and Robert W. Heath, Jr.

Abstract: This paper proposes an adaptive mode switching algorit-
hm between two strategies in multiple antenna cellular networks:
A single-user mode and a multi-user mode for the broadcast chan-
nel. If full channel state information is available at the base-station,
it is known that a multi-user transmission strategy would outper-
form all single-user transmission strategies. In the absence of full
side information, it is unclear what the capacity achieving method
is, and thus there are few criteria to decide which of the myriad
possible methods performs best given a system configuration. We
compare a single-user transmission and a multi-user transmission
with linear receivers in this paper where the transmitter and the re-
ceivers have multiple antennas, and find that neither strategy dom-
inates the other. There is instead a transition point between the two
strategies. Then, the mode switching point is determined both ana-
lytically and numerically for a multiple antenna cellular downlink
with correlation between transmit antennas.

Index Terms: Multiple-input multiple-ontput (MIMO) broadcast
channel, partial channel state information, single-user transmis-
sion and multi-user transmission.

L. INTRODUCTION

Multiple-input multiple-output (MIMO) technology has been
one of the most intriguing technologies in emerging wireless
standards due to demands for high data rate services. Hence, un-
derstanding the fundamental capacity limits on MIMQ commu-
nication systems is invaluable. Researchers have been actively
uncovering these limits with a large body of work studying the
capacity of MIMO communication channels under perfect chan-
nel state information (CSI). These limits for both single-user and
multi-user systems are well summarized in [2]-[6]. Although a
body of work exists on throughput without perfect side informa-
tion [7], {8], little is known in terms of the optimality of any one
scheme.

In this paper we study the performance of downlink trans-
mission with imperfect feedback information at the transmitter.
In the multiple antenna systems, transmission strategies can be
mostly categorized to be either single-user or multi-user in na-
ture. A single-user transmission strategy implies that a transmit-
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ter chooses a single-user in the system and all data streams are
allocated to that user, while a multi-user transmission strategy
focuses on distributing data streams across multiple users for its
transmission.

It is well known that the optimal multi-user transmission
strategy, dirty paper coding (DPC), outperforms the optimal
single-user transmission strategies with time division multiple
access (TDMA) from the point of view of sum rate with per-
fect CS1 at the transmitter [9]. Perfect CSI, however, is impracti-
cal thus single-user transmission strategies can show better per-
formance than multi-user transmission strategies under differ-
ent situations. Specifically, under some partial CSI assumptions,
the throughput of single-user transmission is higher than that of
multi-user transmission when the number of users is below a
threshold [10] and simulation results were presented on the po-
tential benefits of considering both single-user and multi-user
MIMO transmissions in [11]. All prior work, however, does not
consider spatial correlation that is inevitable in practical com-
munication systems.

In this paper, we consider a MIMO commuunication system
where the number of receive antennas at the user terminal is
greater than or equal to the number of transmit antennas at the
base-station. Based on this system model, we present an analyt-
ical framework for the transmission mode switching point and
investigate the impact of transmit side spatial correlation where
the linear receivers are considered to find the minimum number
of users to justify the use of multi-user MIMO over single-user
MIMO.! In this paper, we do not consider aspects of the prob-
lem such as near-far effect and user fairness. These issues are
left for our future research. We consider, however, that this paper
takes an important step in the direction of providing an analyti-
cal framework for this problem while ensuring its tractability.

This paper has the following progression: Section II describes
the system model, while Sections III and 1V present the per-
formance analysis and simulation results, respectively. We con-
clude with Section V.

1I. SYSTEM MODEL

Before explaining the system model, we introduce the nota-
tion used in this paper. The lower case boldface (e.g., a) and
the upper case boldface (e.g., A) indicate vectors and matrices,
respectively. Assuming A denotes a complex matrix, then A7,
AF A-1 and [A];; denote the transpose, Hermitian, inverse
and the (i, j)th element of A, respectively. [ represents expec-
tation operator and Iy indicates the NV x N identity matrix. Con-

IThe authors in [12] proposed an adaptive transmission mode switching be-
tween diversity and spatial multiplexing but did not consider multi-user MIMO
environments.
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vergence in probability and the derivative of F'(z) are denoted
as 5 and F'(z), respectively.

A. Channel Model

Since the base-station does not have perfect CSI to allocate
optimal power to each antenna, we assume equal power alloca-
tion through all antennas. Then the received signal of user k in
the downlink channel is expressed as

Vi = /Np;Hkx-{-nk’ k:l”K

where yy, is an N, x 1 receive signal vector at the kth user, x
is an N, x 1 transmit signal vector, Hy, is an NV, X N; channel
matrix and ny is an N, x 1 additive Gaussian noise vector. In
(1), Ny and N, are the number of transmit and receive anten-
nas, respectively. Without loss of generality, we assume that ny,
has its covariance matrix as the identity matrix In,_ and p is the
received signal to noise ratio (SNR) and E[x¥ x] = N;.

We assume that each receiver can estimate the channel matrix
perfectly, while the transmitter requires feedback information
from the receivers as partial CSI similar to that in [10]. This
information available at the transmitter is detailed in Section III.

We consider correlation at the transmit antennas while the re-
ceive antennas are uncorrelated. This assumption is reasonable
since the transmitter in the broadcast channel is usually placed
in an environment with limited scattering, while the receivers
are usually located in a rich scattering environment [13], [14].
Thus, we have the channel matrix

&)

H, = H,R,? @)
where H,, has its elements as independent and identically dis-
tributed (i.i.d.) unit variance zero-mean complex Gaussian ran-
dom variables and R, is the transmit correlation matrix with
correlation factor 0<a<l, ie., [Ry]; ; = «!*791 2 This chan-
nel model was also considered to analyze transmit correlation
effects on the MIMO broadcast channel in [15]. Note that trans-
mit correlation modeling in this paper does not represent all as-
pects of correlation observed in MIMO systems. The correlation
model assumed provides us with insight on the tradeoffs be-
tween transmission schemes and is thus a useful starting point.
More sophisticated channel models will be considered in our fu-
ture work.

B. Single-User and Multi-User MIMO Transmission

We assume a linear reception policy for both single-user and
multi-user transmission strategies. In addition, as in conven-
tional open-loop spatial multiplexing techniques, we assume
Ny > N This is so that we achieve the multiplexing gain of
N in the single-user transmission setting. To have a compa-
rable system configuration between single-user and multi-user
MIMO transmission strategies, we also apply this assumption to
multi-user transmission. Note that, if N, < Ny, the multiplex-
ing gain of IV, cannot be realized in single-user transmission,

2R; = I, if &« = 0. In this paper, we assume R is identical for all users
for simplicity.
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and it makes the comparison biased towards multi-user modes
of operation.® Also, based on practicality restrictions, we do not
utilize a beamformer/precoder at the transmitter since perfect
(Sl is not available at the transmitter.

In the single-user transmission setting, one chosen user re-
ceives multiple parallel streams from the transmitter and we
assume that the receiver can employ a successive interference
cancellation (SIC) scheme to determine each of these streams.
Using the combination of a linear receiver and a successive in-
terference canceler, the receiver operates close to optimal per-
formance at the high SNR regime [10], [16]. In a multi-user
transmission, we use a relatively simple multi-user MIMO trans-
mission scheme called independent stream scheduling 8], [14].
As only one stream is assigned per user, this receiver, though
suboptimal, is a natural choice for this setting.

III. PERFORMANCE ANALYSIS

We assume that the received SNR is high enough to utilize the
spatial multiplexing effect and the number of transmit antennas
does not exceed the number of receive antennas in the system as
explained in Section II-B. Based on these assumptions, we de-
rive simple mathematical expressions for the system throughput.
In this section, we focus on asymptotic analysis based on large
number of users and antennas since finite user analysis leads to
intractable expressions. Later, we show using numerical results
that the solution obtained is also applicable to system with a fi-
nite number of users and antennas in Section IV.

A. Single-User MIMO Transmission

The achievable rate of user & for single-user MIMO transmis-

sion with equal power allocation is given by

7
Ry = log, Iy, + +-H,RHH|. 3)
Ny

This may not always be the optimal choice, but the loss in sys-
tem throughput by equal power allocation compared with opti-
mal power allocation is small if SNR (p) is high [16], [17]. The
transmitter obtains K achievable rates as partial CSI and serves

the user with maximum achievable rate in each time slot. Thus,
the maximum rate Rgy of single-user transmission is

“4)

RSU = max R;g.
k=1,
Since the correlation matrix R has full rank by assumption,
the rate of single-user transmission (3) under a high SNR as-
sumption can be rewritten as [17]

Ry ~ min(Ny, N;) log, % +log, [HFH, | + log; |R[. (5)
¢
In [18], it was shown that as the number of antennas increases,
Ry, converges to the following Gaussian random variable*

R, ~ N(/J,02>

3If Ny > Ny, additional feedback is required from the receiver for rank
adaptation and it increases system complexity. In this paper, we assume N, >
N to minimize the feedback overhead.

4This convergence to a Gaussian random variable is reasonably rapid enough
to make this approximation valuable in practical situations.
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where Now, using Lemmas 2 and 3, we complete the proof of Propo-
Nen sition 1.
1 =nlog, Lo nlog, e Z 205772 (6) Proof: [Proof of Proposition 1] Let the CDF of R, be
Ny i ¢ F(x). We have
= i 1 eew?
+log, |R:| + logs € -, Fl2)= —— e T2
? ? ; N-—i (z) g2
_ _ 1 z—p _@-w? T— U
n—1 . 2 N—-1 F//(lr) — __._'_Jg 207 = F,(I)
frd 10 p 2 - w—__z.._. . 77;7{_ . .n, ¥ 2 0-2 0'2 ?
(logs ) (2_7 Nonvip "6 i W
1-F(e)~ -7 F'(z), (byMills’ ratio [19]). ©)
and n = min{N,, N;), N = max{N,, N;). To analyze Rgys T
asymptotically, we introduce the following proposition. Therefore

Proposition 1: Let R;, and Rgy have the relationship in (4). iy 9 2
Note that x and o? are expressed in (6). Then as K — 0o, lim - Fla) F{x) — _M = 1.
eooo F/(z) F'(z) xz-pu 202

j-zi—qz_{vz LS8 This means that F'(x) is. a Von Mises fur}ctign by Lemma 2.
H on Using Lemma 3, there exist ax and bx satisfying

Proposition 1 helps us characterize the maximum rate Rgy; for

the single-user transmission setting, showing that it has an effec- RSE —bi < T) — exp(e™®)

tive growth rate of v 202 In K as K approaches infinity. Before QK P

proving Proposition 1, we present the two lemmas that directly

help us in its proof. Now, let us derive ax and bg. By Mills’ ratio (9),
Lemma 2: For a twice differentiable cumulative distribution at
function (CDF) F'(z), if 1 Flbg) = br — i F(bx) 10
: (b —p)*\ _ 1
_ F@)(1 - Fl2) T e <_(A,_ _ 1
A ey T b Var(bi - p) 20% K
then F' is a Von Mises function. By taking — In(+) to both sides of (10).
Proof: See [19, p. 40]. O
o 5 p- 401 (E’_K;‘erln(bK_*ﬁleim(gﬂ):}nK (11)
Lemma 3: Denote K ii.d. random variables as X1, -, Xg. 9252 . 2 :

Let M = maxge1.... x Xi. If the COF F(x) of X} is a Von
Mises function, then there exist ax and by satisfying that as X' Dividing by M , the second and the third terms on the left

increases hand side of (1 1) go to arbitrarily small values as K — oo since
. <ﬁf bi ) e - bx — oo. Then, we have
<L) exp(—e”" S
ax Pl by = p+ V202 In K.
— -1 _ 1-F(bg) L. . — g a2
VT/here 1 'bF(bK) =K an’d.aK = oLy - Wmaddition, if 1y 4qdition, using ax = Flz()f;x) ~ bxiu’ ax = )5l
limg oo ;% — 00, then as K increases, This leads us to lmy —oc Z’i —s 00, Therefore, by Lemma 3,
M/by 21, (8)
Proof:  From the properties of Von Mises functions, Rsu B
P (—MT_;A < x) — exp(—e~*) where 1 — F(by) = K~! and bx
ag = IF,FleR)) [19, Ch. 1]. Let us show that M /by L 1las  where by ~ p+ V20 In K. o

K — oo. For any fixed ¢ > 0, using (7) as K increases In Proposition 1, we can find the next order approximation of

M by. Let us rewrite by as
— 1] > 6>

P<5K

:P(M—b}{ > 6[)K>+Pf\]\/[*b]( < —GbK)

b = p+ V202 In K +rg (12)

where 7x = o{VIn K'). By substituting (12} into (11), we have

b
=1 — exp(—e " ) + exp(—e“ix )
. ’A K 1 ) o
—0 ( lim bi — oo) . 702 + \/Zln K+ ;éln InK
K—oo Qg ;
K
+—ln4ﬂ'+ln <1+——~—) =0. (13)
This means that % 2. [ 2 V262 In K
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Dividing (13) by rxv/21n K, we have

TK 1 1

202v/2InK 0 2rgv2lnK

N ln(l%—ﬁ)
2rev2In K rev2In K
%0(1)+l+ Inln K + 4rn 0
o ZgVAmE

Therefore from (14), we can derive rx approximately by solv-

3 1 Inln K447 __
ing = 4+ 2RBXET _ () 5
g5+ 2rev2In K 0

Inln K

Indnr +

(14)

_glnan—I—lnélﬂ'
2 VvV2In K

and finally, we have bg from (12) and (15)

clnln K +1In4r
by ~u+vV20?lnK — ———M— |
KR 2 2K

Now, we know that Proposition 1 represents that as K in-
creases

TK & s)

Rev Do (\/m K) Y by (16)
clnln K +1n4r
=o(VInK)+p+VvV22lnK - —————— "~

( ) . 2 V2IlnK

Therefore from (16), as K increases, the ergodic (sum) rate of
single-user transmission is given by

Csu = E[Rsy] e¥))
Inln K + Indr
—o(VInK) + +v2021nK—gm.
( ) # 2 vV2In K

B. Multi-User MIMO Transmission

As mentioned in Section II-B, we consider the independent
stream scheduler to minimize feedback overhead [8]. With zero-
forcing (ZF) receivers, the post-processing signal to interference
and noise ratio (SINR) of the ith stream at user & is given by

1
Sok = N, T T
! {(Hk Hy) } .
1,7
where¢ = 1,---, N;and k = 1, --, K. The transmitter obtains
K N, post-processing SINRs from all users as partial CSI. Then
the maximum achievable rate of the ith stream amongst K users
is
Ry = logo(1 + S

MU, k:HllflffK 0go(1 + Sik), (18)
thus the maximum sum rate of multi-user transmission is the

summation of the rates for all streams, i.e.,

Ny
Ryy = Z Ry

i=1

19)

In [14] and [20], it was shown that the post-processing SINR
of a ZF receiver behaves as a weighted chi-squared distributed
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random variable with 2(N,. — Ny + 1) degrees of freedom. This
can be written in equation form as,

1
Sip= b =

P
~ Vik (20)
’ Nt [ HHH _1] Nt ’
( k k) i
where the p.d.f. fv, , (v) of V; » is given by
i exp (—u);) (v)\i)NFNt
= 21
fVi,k(v> (Nr”“Nt)' ’ ( )
Ai = [Rt_l]i,i'
By combining (18) and (20), we have
Ry = max log 1+£Vik
T pmlen K 02 N, ®
=log, | 1+ £ max Vi
2 Nt =1, K 5
—log, 1+ L M, (22)
2 N,

where M;=maxy, V; . Note that max moves into log, since
log,, is a non-decreasing function. Now let us see the relation-
ship between M; and V; j, in the following proposition.

Proposition 4: Let M; and V; ; be expressed in (20) and
(22). Then as K — o0,
M; »p

7t Py

Proof: Let CDF of V; , be F(z) = [*__ fv, ,(v)dv. Then
we have

F'(z) = F'(z)(=\i + (N, — Ny) /). (23)
Then from (23) and using L"Hospital’s rule,
. 1—=F(z) —F'(x)
— = 24
2L TF@ ek ) .
T —F'(x)
= lim
oo /(@) (= + (Ny — No)/)
_ L
=3,
Therefore
. F'(z)(1 - F(z)) . F'(z)1-F(x)
=1
A T (1)) oo F'(z)  F'(z)
1
=\
oy
=—-1

which implies F'(z) is a Von Mises function by Lemma 2. Then
from Lemma 3 we can derive ax and by satisfying that

P (M < x) — exp(—e~®) as K increases.
aK
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Note thlat IZ; K 1ncreases as K increases. From (24), we know that
ag = F’(ts;g) ~ - since by — oc.

Now let us derive b . From (24), we know that

F'(x)
N

1—-F(z)~
Thus, using (21)

F i b
exp (—bg A;) (bK/\i)NT*Nt
(N, — Ni)!

1

? .
Applying In on both sides of (25), we have

(Nr = No) In(bgeAy) — b ds — In(N, — N)! = — In K. (26)

Dividing (26) by b, we see

In{bx X;) o In{N, — Ny)! ~0

N, — N,
( 1) b »

Therefore,
InK

A

Since o> — o0 as K increases, by Lemma 3 we have

b ~ Q7

M; M; »p
—_—- 5
O

In a similar manner to the single-user strategy, we find the
next order approximation of b . Rewrite by as

InK
A

b = +Trr (28)

where rx = o(In K). To derive rx, substituting (28) into (26)

At +1n(N, — N = (N, — Ny)In(In K + A\jrg).

Therefore,
—In(N, — M)+ (N, — Ny )lnln K
Ai

(N, — Ny) ATk
- 1 .
+ ¥ In{1+ K

rK =

AiTx

Since e — 0as K — oo, we get 7k as

—In(N, — N)! + (N, — Ny)Inln K

TK N
Ai

Therefore,

In K —In(N, — N)! + (N, — Ny) Inln K

b =
K ¥

(29)
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Get general information (o,p,Nt, Ny, K)
No @
Yes
Multi-user transmission Single-user transmission
-Request Ny §; k's from each receiver|| -Request R from each receiver
Fig. 1. Adaptive mode switching algorithm at the transmitter.
Now we know that Proposition 4 says that as K increases
r P
M; = o(lnK) + bg. (30)

From (19), the ergodic sum rate of the multi-user transmission
in the MIMO broadcast channel is given by

ZE R,
= Z]E{log2 (1—1— max E >}

i=1
- i]El P M,
= ogy | 14+ —»M; ||.
i=1 N

Therefore, as K increases

CMU‘)ZIO <

In K —In(N,— N (N, —Ny) Inln K
i t from (29).

Cuv = E[Ruy]= (31

( (1nK)+bK)> (32)

where by =

C. Adaptive Mode Switching Algorithm

To obtain an analytical expression for the number of users at
the point where the throughput resulting from one scheme ex-
ceeds the other, we compare the expressions given in (17) and
(32). We refer to the point where the transition happens as the
mode switching point. In essence, the mode switching point cor-
responds to a comparison between the achievable rate expres-
sions:

Csu(a, Ny, Ny, K) 2 Cyu (@, Ni, Ny, K)

where «a, Vi, N, and K are correlation factor, the number of
antennas at the transmitter and the receiver and the number of
users, respectively. If the transmitter acquires system parame-
ters such as SNR, the number of antennas, the number of users
and correlation factors, it can determine the (approximate) er-
godic rate achieved by the two strategies using (17) and (32).
If Csy>Chyry, the transmitter requests receivers to send their
achievable rates as feedback information and decides to serve
the receiver that has maximum rate Ei. If Csy<Cisy. the
transmitter decides to operate in the multi-user transmission
strategy.” This algorithm is illustrated in Fig. 1.

51n this paper, we propose the mode switching point using ergodic sum rates
of single-user and multi-user MIMO strategjes. More practical mode switching
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Nr:Nt=2’ SNR=20 dB, uncorrelated channel
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0 5 10 15 20 25 30
The number of users
Fig. 2. Ergodic (sum) rates for single-user and multi-user transmissions.

N,=N =2, SNR=20 dB
20

—o— Simulatin | © °
i Agymptotic | 0

The number of users at the mode switching point

| U ST

. i i ; I i L L
0 005 01 015 02 025 03 035 04 045 05
Correlation factor o at Tx

Fig. 3. The relationship between the number of users at the mode
switching point and the correlation factor a.

IV. SIMULATION RESULTS

In Fig. 2, we illustrate the achievable sum rates of single-user
and multi-user transmissions and determine the mode switch-
ing point between the two strategies. When there are only a few
users (less than five where N;=N,=2, uncorrelated channel),
single-user transmission has a larger (sum) rate than multi-user
transmission as the former uses a more sophisticated receiver.
The growth rate of multi-user transmission, however, is larger
than that of single-user transmission thanks to multi-user diver-
sity.

Figs. 3-5 illustrate the number of users at the mode switch-
ing point according to three different parameters: The transmit
side correlation factor o, the number of antennas (assuming
Ny=N,=N) and SNR p. From these results, we confirm that our
analytic expressions match simulation results fairly closely. In

based on instantaneous channel information will be considered in our future
work.
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0=0.0, SNR=20 dB, N=N =N

T T T T

25

—6— Simulatin
g Agymptotic

20k

The number of users at the mode switching point

L L

0 L L 1

2 25 3 35 4 45 5
The number of antennas (V)
Fig. 4. The relationship between the number of users at the mode

switching point and the number of antennas.

N=N=2,0=0.0
tor

—6~ Simulation : : : :
ol LB Asymptotio| T

The number of users at the mode switching point

10 15 20

25 30 35 40
SNR (dB)
Fig. 5. The relationship between the number of users at the mode

switching point and SNR.

addition, we are able to determine which transmission mode is
better from these results. For example, multi-user transmission
has higher throughput than single-user transmission in upper re-
gions of curves and vice versa.b

From Fig. 3, it can be observed that the single-user transmis-
sion scheme results in larger gains than the multi-user transmis-
sion scheme as the correlation factor < increases. This tendency,
however, is in the reverse direction that observed in the numer-
ical results of [11], where a multi-user precoding is shown to
attain greater benefits from correlated channels than single-user
precoding schemes. This discrepancy can be explained as fol-
lows: If the transmitter uses a precoding that is matched to the
channel characteristics, then multi-user transmission indeed per-
forms better than single-user transmission schemes. It is notice-
able, however, that this requires that the transmitter use strate-

8The proposed approach can be extended to the case of MIMO-OFDM and
random access feedback channels along the lines of [21].
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gies that possess a level of sophistication greater than what is
assumed in this paper.

V. CONCLUSION

In this paper, we investigated two transmission strategies
termed single-user transmission and multi-user transmission in
the MIMO broadcast channel with partial channel state informa-
tion at the transmitter. In a multi-user MIMO transmission, mul-
tiple users are served at a time where a ZF receiver is assumed at
the user. The single-user MIMO strategy transmits to one user,
while utilizing a receiver that incorporates inter-stream interfer-
ence mitigation by successive interference cancellation. Thus,
there is an inherent tradeoff between inter-stream interference
mitigation and the performance gains obtained by serving mul-
tiple users at once. This translates into a mode switching making
single-user transmissions better in some regimes and multi-user
ones better in others. The key contribution of this paper is an an-
alytical framework for determining this mode switching point,
and to study the impact of correlation and the number of anten-
nas on the switching point.
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