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ABSTRACT allocation in OFDM systems (without MIMO) have been investi-

ated by, e.g., [9]. The proposed scheme in this paper explores a
wo-dimensional (user and frequency) resource allocation: dynamic
ubchannel allocation and dynamic assignment of users occupying
ach subchannel. Assuming perfect channel information is available

find the ontimal subset of users for each subchannel and optim t the BTS (base transceiver station), optimal user-channel alloca-
transmit bgamformin vector which would maximize the sum-prateﬂon (1.e., optimal subset of users for each sub-broadcast channe

. 9 . - . and transmit beamforming vectors are derived by maximizing the
Assuming perfectly known channel information, an optimal solu-

o . . . . sum-rate subject to the transmit power constraint and CClI cancella-
tion is derived and a suboptimal solution with much lower complex- ) P

. i . o tion. Significant gain in sum-rate provided by the optimal solution is
ity that provides comparable results to the optimal solution is als% g 9 p y P

This paper presents an opportunistic multiple-input multiple-outpu
(MIMO) scheme that achieves increased throughput of multi-use,
downlink transmission in frequency-selective channels. Develope
for OFDM systems, the main idea of the proposed scheme is t

presented. The proposed scheme outperforms the existing FDM hown through simulation employing realistic channel models. A re-

based and SDMA-based schemes significantly in terms of sum-ra uced complexity suboptimal solution is then presented, which pro-

by efficiently exploiting the time-varying nature of radio channels des nearly optimal performance. The performance of multi-user
y -ntly explorting ying MIMO-OFDM schemes employing adaptive modulation is also ex-
and multi-user diversity.

amined. Some user selection algorithms are also studied in [10, 11]

for downlink multi-user MIMO system. In contrast to these algo-
1. INTRODUCTION rithms where the number of users in the optimal user subset is fixed,

the proposed algorithm in this paper finds, for each subchannel, the

Motivated by the desire to increase the sum-rate for broadcast sygptimal user number as well as the optimal user subset. This would

tems, this paper presents an opportunistic multi-user MIMO (multiplgrovide more gain in sum-rate.

input multiple-output)-OFDM (orthogonal frequency division mul-

tiplexing) scheme. The proposed scheme makes the optimum user

assignment for each subchannel, resulting in significant gain in sum- 2. EXISTING MULTI-USER MIMO-OEDM SCHEMES

rate. Multi-user MIMO broadcast systems [1] have attracted increas-

ing attention due to the potential gain in sum-capacity. In high data-

rate transmission, signals in a multi-user system are corrupted b tch Is. A there Afe BTS ant d. at h
both co-channel interference (CCI) from other users and intersiymb ast channels. Assume there afe 515 anteénnas and, at éach user,
there areM,. MS antennas. The discrete impulse channel response

interference (I1SI) due to multipath dispersion. Multi-user transmit

beamforming in MIMO systems has been investigated in [2, 3, 4, 5]°€tWeen th?f;?k?-rs ant?nagndht(z)er-th(ls\/ls a?te_?ﬂa OLUSé‘r |

In recent years, OFDM technique has received considerable iptere&® XPresse 2 mime () = 22120 Py m,.10(n—1). The channe
due to its capability of overcoming severe ISI with low complexity. coefficientshfnf_’mml are modeled as complex zero-mean Gaussian

Practical multicarrier OFDM schemes have been investigated fofandom variables. Without loss of generali(y;““) \} are as-

me, My

multi-user MIMO systems, see, e.g., [6, 7]. Most of those schemegymed to be uncorrelated for & m.,m, andl, and the channel
fallinto two categories: frequency division multiple access (FDMA)- cqefficients are invariant within one OFDM data block.

based scheme [6] and space division multiple access (SDMA)-based i . ) . )
scheme [7]. In the FDMA-based schemes, each subchannel is ag ThroughN-point OFDM modulation, a frequency-selective broad

onsider a multi-user MIMO-OFDM system wifki users for broad-

) . ast channel is decomposed idtoparallel flat broadcast channels.
signed to only one user. Or_1 the other hand, in the SDMA-_base_ ach subchannel is a flat broadcast channel WithBTS antennas
schemes, each subchannel is shared by all users. In practice, li

; . : ; ) fid K users. For simplicity of discussion, we focus on the case with
in a time-varying radio environment, FDMA-based schemes are no piery i

fficient. while SDMA-based sch i tee bett » = 1. Transmit beamforming is used at the BTS for each subcar-
efhicient, while -based schemes can not guarantee beter ree, - oy each user. So the signal model for subcanrisrexpressed
sults, either. To maximize the sum-rate, one should find the opti:
mum subset of users sharing each subchannel based on thelchanne %
fluctuations, which is the objective of the proposed scheme. User OH 13(k)

. ’ . ; : 8 Yin = W, H,Sin+ Vi, k=1,...,K 1
selection and scheduling algorithms in MIMO systems are found in e =2 Wi HY S+ Ve (1)
[8] and the references therein. The approaches for user and powe

whereY;, ,, and Sy, are, respectively, the received and transmitted
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. } (k) ; -
tion under Grant EEC02-03366, by the U.S. Department of theyAunder signals of uset at the n-th subchannelW:” is the beamform
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Research and Technology. frequency tone. Perfect channel information is assumed at the BTS.
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2.1. FDMA-Based Scheme ak,n» = 0 implies that usek does not have access to subchannel

Ak With a chosenyy, ,, and beamforming vectde , the received

| FDMA- h h h li I
n an based scheme, each subchannel is used by only o signal of userk at then-th subchannel is given by

user and different users occupy different subsets of subclsare
CCl suppression is achieved by having different users occupy-diffe
ent subchannels To maximize the sum-rate, the best user (i.e., with, , = o, nWSLk) H" S, .+ Z o, nW(l) H™ S+ Vi

IargestHH H ) is chosen to occupy each subchannel. The beam- 1=1,%#k
forming vectors for subchannelwith power constrainP, are (7)
ko Whereakﬂbwﬁf)HHgf)Sk,,,L is the desired signal, while the CCI
w® — ) e k= ko(n) (2)  contributed by all the other users¥s;, _, a1, 0P,
0 k # ko(n) The flag parameter;, ,, and beamforming vectdV' " are found

such that the sum-rate is maximized with a total transmit power con-
wherek,(n) = arg maxg—1,... Kk HH(I“)H2 Thus the sum-rate of an straintP, and that the CCl is totally canceled, i.e.,
FDMA-based scheme is given by

k)\K,N—-1
o {Otk,n,wgl )}k 1,n=0 — = arg ma)({k) My x1
R -y ] P, HP |12 3 an,n€{0,1}, Wi ecMt
Foun = ), max logy |1+ —"5—— ). ) Sy TP
7=0 v > log <1 g Qen Do [We_ ol ) ®
2 K 2
Low complexity is an attractive feature of FDMA-based schemes. ne0 k= ek @

However, the sum-rate improvement is generally not significant, essypject to
pecially in the higher SNR region. This is because it is not efficient
to allow each subchannel to be used by only one user and informa- al,7LW$Lk)H§f) =0, 1<Lk<KI#k0<n<N-1 (9
tion theory suggests that it is necessary to share some subcarriers
among different users to achieve the capacity of broadcast channe&nd
IWPIP <1, v1<k<K0<n<N-1.  (10)
2.2. SDMA-Based Scheme To guarantee that the CCl is totally canceled for all the cases, assume

K < M,. With some choice oA = {ak,n }1<k<k,0<n<n-1, the
In an SDMA-based scheme, each OFDM subchannel is shared SI Iutlon of W 1o the problem (8).(10) is shown to be

multaneously by allK" users. Thus any user could cause CCI to®

other users. One way to remove CCl is to explore the orthogonal- 0 it —0
ity of different users’ channels. As such, each user’'s beamfagrmin Wﬁf)(A) = { &) el Qkeyn = (11)
vector is found to be in the null space of all the other users’ channel £/ i ok =1
subspace, i.e.,
where (k) o™ ) Ty =1y g ()
max W HS |, WTHD =0 AR, @) 0= (= HT ) O, (12)
and

and the solution is

I:IT(,,IC) é al,anlk),.. , Ol — 1nH(k 1),
()H 2y (k) ()™ (k) y gy (k)

. A s
- H, (. H. ) Hn JH. (5) o HEY g B (1)

VED - A" (iR ") aE)ae

wH =

To obtain the optimal solutions efy, ,,, one needs to perform an ex-

. _ haustive search through all subchannels. Ther&%4re 1 possible
where 7 2 HY, .. HED B, HEOE, K < 9 P

. values fo{a », . . ., @k, }. FOr each possible value, we first calcu-

M isn he SDMA- hem ncel th | P § ot :

plettlesiy Et\?,\(/iii? g?q/LJtalep%wer atl)lgzz?ezctoealte Ltjgecrz iﬁet sﬁrﬁ-(r:atzoo ate the corresponding beamforming vector throughrsi(ljs). The

SDMA-based scheme would be : value of {1, ..., ax.»} and the correspondingWw " (A)},

which result in the larges® constitute the optimal solution, where
szl i Pal Wit HLY) & ()7 (A) gy (k)
Rspma = log, (1 + '—2> (6) — Qo Pr [ W, H,|?
n=0 k=1 Ko R= Z Zlog2 T+ ZkK Qpn02 - 19
n=0 k=1 =1 nlou

An alternative power allocation scheme may be employed to im-
prove the sum-rate over equal power allocation. However, according.1. A Suboptimal Solution

to our simulation experience, the gain in sum-rate is not significant
especially when the SNR is large. The exhaustive search for an optinaal,,, solution clearly involves

great deal of complexity. A suboptimal solution, whose principle
resembles that of the steepest-descent method, is proposed here to
reduce complexity. The basic idea is to start with only ens,
being 1 and find the best user (the user with the IargeﬁtH("” [1%).

Then find a user from the rest of users to obtain the largest increase
in sum-rate. The algorithm is summarized as follows:

3. OPPORTUNISTIC MULTI-USER MIMO-OFDM
SCHEME

The objective here is to maximize the sum-rate of the multi-user sys*
tem. To achieve this, each user is assigned a flag paramgtein
each subchannel, which takes the value of eitharl. Specifically, 1. Initialize Kones = ¢ and kzeros = {1,2,..., K}, where¢
ak,n, = 1 implies that subchannel is assigned to uset, while denotes the null set.



2. Findk; such that

35

—k— Pr‘oposed scHeme, optim‘al solution ‘
ki =arg max |[H|? (15) —=— FDMA-based scheme
k=1,....K 30r SDMA-based scheme
—&— Proposed scheme, suboptimal solution
and calculate the best throughput for this case: B
I
2
P, Hszkl) 2 é 201
Roo() = log,(1 + DTN 1) .
I 8 55
£
Then update the setSnes < KonesU {k1} and kzeros «— 3 1ol
KRzeros — {kl}
3. Setm = 2 and begin the following loop 5t
4. Findk,, such that K ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Em = arg max Average SNR (dB)
L€ Kones
Z | (1 N Pn|w$1’“)H (KonesU {z})Hﬁf)F) Fig. 1. Sum-rate of a three-user system with three BTS antennas.
O,
o (Foned + 102

k€roned {1}
(47) 4. SIMULATION RESULTS
DefineR,, (m) as the maximum of the term on the right hand

side in the above equation. The proposed scheme is investigated and compared with the FDMA-

based and SDMA-based schemes under the assumption of perfectly
5. If R,(m) > R,(m— 1), then update the Setgnes < rones)  known channel information. The performance of all schemes is eval-
{km } andkzeros — KzerosU {km }. Then updaten = m + 1 uated in terms of sum-rate. The channel model employed here is the
and go to step 4. SUI-5 model, which is one of six channel models employed in the
6. Otherwise, stop and the solutiondg., = 1 for all k € IEEE 802.16 for the performance evaluation of fixed wireless broad-
KonesaNd k., = 0 for all k = ryeres The corresponding band communications. The size of FFT and IFFT in OFDM is 128.
beamformin’g vectors are then calculated through<113). Throughout this section, the SNR is defined as the ratio between the
total transmit power and the AWGN variance.
Figure 1 compares the sum-rate of a three-user system with three
BTS antennas employing the aforementioned schemes. It is clear

We use the number of complex multiplications as a measure of confiat the proposed scheme outperforms the FDMA-based scheme [6].
putational complexity. To obtain the optimal solution, there(fg ~ The improvement increases as the SNR increases. In a three-user
possible values of a1 n,...,ax.n} for the case of assigniﬁngz system with three BTS antennas, the difference at SNR=30 dB is
users to a subchannel. For each value, the total complexity in cafiMOost 12 bps/Hz. It is also observed that the difference is larger
culating the beamforming vectors and the sum-rate is approximatef} @ system with more users. At SNR=30 dB, the difference in a
m(My(3m —2)/2+m>(1+ M, /2) + O((m —1)%)) complex mul- our-user system is 18.5 bps/Hz (as shown in Fig.2). This seems
tiplications. Thus the complexity involved in obtaining the optimal {0 Suggest that, when SNR is high, allowing only one user to oc-
solution is cupy each subchannel is less effective than sharing each subchan-
nel among different users. Compared to the SDMA-based scheme

K _ [7], the proposed scheme consistently offers higher throughput for
S <K> {m(M3m 2+m2Mt+2+(9((m71)3))}. (18)

3.2. Complexity | ssues

5 5 all SNR values considered here (0-30 dB). This implies that shar-
ing each subcarrier among all users is not always a better solution
due to the potential CCI which can sometimes be severe. Further-
more, the improvement is more pronounced when there are more
users. As seen in Figs. 1 and 2, at SNR=15 dB, the sum-rate im-
provement of the proposed scheme over the SDMA-based scheme
is 2.1 and 3.8 bps/Hz for three-user and four-user systems,crespe
M, v tively. Dirty paper coding (DPC) is known to achieve the capacity of
S (K- 1+m){m(M3m 2 e Met2 +O((m— 1)3))}' MIMO broadcast transmission [1]. The sum-rate achieved by DPC
2 2 with transmit power constraint on each OFDM subchannel is also
(29) plotted in Figs.1-2 as an upper bound for comparison. In practice,
In comparison, the complexity for FDMA schemeAsM; complex  however, it is difficult to implement DPC in practical systems due to
multiplications while that of SDMA scheme is (M, (3K/2—1)+  high complexity.
K2(1+ M;/2) + O((K — 1)*)). The complexity of the proposed We also investigated the multi-user MIMO-OFDM schemes em-
scheme appears to be much larger than that of FDMA scheme. Hoyploying adaptive modulation [12]. In the simulation, adaptive con-
ever, the performance improvement over FDMA scheme is substartinuous M-QAM modulation was employed. The target BER was at
tial, when the SNR is large. The complexity of the proposed schem&0~*. Figure 3 shows the sum-rate results for various schemes em-
is not necessarily larger than that of SDMA scheme, while it alwaygloying adaptive M-QAM modulation. The system has three anten-
outperforms SDMA scheme. nas and three users. With adaptive modulation, the proposed scheme

m=1 m
For the suboptimal solution, there are oiy-m+1 possible values
of k,,, at step 4) withn. To obtain the suboptimal solution, the worst
case is that the program stops with= K. Thus the complexity is
upper bounded by

m=1
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5. CONCLUSION

This paper presented a multi-user MIMO-OFDM scheme for down-
link transmission in frequency-selective environments. With the as-
sumption of perfectly known channel information at the transmit-
ter, the proposed scheme finds an optimal subset of users for each
OFDM subcarrier to maximize the sum-rate with a total transmit
power constraint. Both optimal and suboptimal solutions are shown
to provide significant sum-rate improvement.

(1]

(2]

(3]

[4]

5]

(6]

Fig. 3. Sum-rate of a three-user system with three BTS antennad’]
employing adaptivé//-QAM modulation.

(8]

consistently performs better than the FDMA-based scheme. The im-
provement becomes more significant as SNR increases. In par,ticulal[gl
when SNR=30dB, the difference is almost 8 bps/Hz. The proposed
scheme also outperforms an SDMA-based scheme employing adap-
tive modulation.

The results of the suboptimal solution are also shown in all fig{10]

ures and compared with those of the optimal solution. It is obvious
that the suboptimal solution provides almost the same throughput as
the optimal solution does. We further compare the performance of
SDMA-based and FDMA-based multi-user MIMO-OFDM schemes.[11]
It is seen that the FDMA-based scheme always provide higher sum-
rate than the SDMA-based scheme when the SNR is low, while the
SDMA-based scheme outperforms the FDMA-based scheme when
the SNR is high and the difference becomes greater as SNR in-

creases. That implies again that it is more efficient to have eac
subchannel occupied by fewer users when noise is strong; but when

2]

SNRis high, it is better to allow more users using the same subchan-

nel.
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