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Abstract—A joint channel estimation and Multi-User Detection ~ estimation and data detection algorithms have recently re-
(MUD) scheme is proposed for multi-user Multiple-Input ceived significant research attention [4—6]. These joiainctel
Multiple-Output (MIMO) Space Division Multiple Access / Or - agtimation and data detection methods have indeed shown

Eg%gsc.)ns\lleF:jegslfgrr:cg-%\S;llogel\élgg;gfxwgiéalggﬂ 'E/(%Z?i%) ;fgrchan enhanced performance associated with resonable conver-

(DRWBS) scheme for joint channel estimation and MUD, which gence rates, despite using relatively short pilot-symiesl s
is capable of providing 'soft’ outputs, directly fed to the Forward  quences. Among them, the iterative Expectation-Maxinorat
Error Correction (FEC) decoder. The proposed scheme reduce (EM) algorithm [7] and diverse derivatives of this algo-
the complexity of the receiver, since it integrates the chamel iym have been shown to strike an attractive trade-off be-

estimation and MUD into a single module and it forwards the . o
Log-Likelihood Ratios (LLRs) to the channel decoder. It al® tween the performance attained and the complexity imposed.

provides an effective solution to the multi-user MIMO chanrel The classic EM algorithm was employed for joint channel
estimation and MUD problem in “rank-deficient” scenarios, when  estimation and data detection in [6, 8]. The authors of [9]
the number of users is higher than the number of receiver proposed a joint symbol detection and channel estimation
antennas. The simulation results demonstrate that the propsed algorithm based on the Variational Bayesian Expectation-

scheme is capable of attaining a BER performace close to the P . .
ideal scenario of the Maximum Likelihood (ML) MUD associated _MaXimization (VBEM) algorithm. A Space-Alternating Gen-

with perfect channel knowledge. eralized Expectation-maximization (SAGE) based iteeati-
ceiver was designed for joint detection, decoding and ceélann
. INTRODUCTION estimation in [10]. However, the EM algorithm is unable to

— . . uarantee convergence to the globally optimal solution= Fu
Communication systems using multiple antennas at tjg,-more, Genetic Algorithm (GA) based near-optimal searc

transr_nitter and/orthe_ recz_ei_ver have recently fece“_’e@md schemes were also developed for channel estimation and data
attention due to their ability to provide substantial cafac

: ; .  symbol detection at the receiver [4, 11, 12]. Finally, in][13
improvements, while achieving a low error rate and/or h'gaepeated Weighted Boosting Search (RWBS) was employed

data rate by flexibly exploiting the attainable diversityirga v, jgenify the unknown MIMO channel, while an enhanced
and/or the spatial multiplexing gain [1]. ML sphere detector was used to perform ML detection of the
Space Division Multiple Access/Orthogonal Frequencyignsmitted data.

Division Multiplexing (SDMA/OFDM) systems [2, 3] com-  against this background, in this paper we proposed a novel
bine the advantages of OFDM and SDMA, where we emplQy,ided random search algorithm, which we refer to as the
an array of antennas at the BS for detecting the receivggh| Repeated Weighted Boosting Search (DRWBS) assisted
signal of multiple single-antenna aided MSs. As a result, Rint channel Estimation and Multi-User Detection (DRWBS-
substantially improved uplink capacity is achieved, diespin- JCEMUD) scheme designed for multi-user Multiple-Input
ploying single-antenna based low-complexity MS tr.ansm_i;tt Multiple-Output (MIMO) SDMA/OFDM systems. The pro-
[3]. However, the performance of these systems is crificall,sed DRWBS-JCEMUD scheme consists of two components:
dependent on the precision of the channel knowledge, whighannel estimator and symbol detector. The channel estimat
may be represented by Channel Impulse Response (CIR)cgfries out channel estimation using the current detected
Frequency-Domain CHannel Transfer Function (FD-CHTF)gympol, while the symbol detector carries out symbol déact
Over the past decade, intensive research efforts hay@ng the current channel estimate. The process is cartied o
been devoted to developing effective approaches for changg jteratively exchanging information between the channel
estimation or symbol detection for transmitter- and/or th&stimator and the symbol detector. Furthermore, the pexpos
receiver-diversity aided systems. Conventional methals U prwWRBS-JCEMUD scheme is capable of providing the Log-
ally carry out the channel estimation and signal detectiqfikelihood Ratios (LLRs) of the coded bits, which can be
separately, which may only attain suboptimal results. Wyrectly fed to the Forward Error Correction (FEC) decoder.
order to achieve a near-optimal performance, joint channelrpe rest of this paper is organized as follows. The system
cronled o | e o » | model of the multi-user MIMO OFDM/SDMA UpLink (UL)
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Fig. 1. Uplink system model for Multi-user MIMO SDMA/OFDM
are offered in Section V. on a per-carrier basis, as depicted in Fig. 1. Each SDMA
subcarrier's signal may be described as [2],
Il. SYSTEM MODEL B} o U
_ _ X115, k) Yi[s, k] ats, k] ... HY[s, K]
The multi-user MIMO OFDM/SDMA system considered — Fopaa { : )
supportsU' MSs simultaneously transmitting in the UL to the| v, 4 Ypls, k] Abls k) .. AYls K

BS, as seen in Fig. 1. Each of the users is equipped with a . i )
single transmit antenna, while the BS employs an array of WhereH (s, k|, u=1,--- .U p=1,---, P, is the estimated
antennas. It is assumed that a Time Division Multiple Acce¥glué of the FD-CHTF. Various algorithmic alternatives for
(TDMA) protocol organizes the division of the available Bm this generic SDMA detector are available, which cover a wide
Domain (TD) resources into OFDM/SDMA Time Slots (TS)fange of performance versus complexity trade-offs, such as
Instead of onel/ MSs are assigned to each slot that aféi0se represented by the MMSE OFDM/SDMA, per-carrier
allowed to simultaneously transmit their streams of OFDMUccessive Interference Cancellation (pcSIC) OFDM/SDMA
modulated symbols to the SDMA BS [2, 3]. and ML OFDM/SDMA [2]. In the following section, we
More specially, all of thé/ MSs transmit independent dataPutline our DRWBS-JCEMUD scheme designed for multi-user
streams, which are encoded by a user-specific FEC encodefY#O OFDM/SDMA systems.

illustrated in Fig. 1. The information bits output by the FEC ||| T4 DRWBS-JCEMUDSCHEME PROPOSED FOR
encoder are grouped and mapped to a stream of modulated  \1,7/-USERMIMO OFDM/SDMA SYSTEMS

data symbols. The modulated d&&*) [k],k = 1,2,--- , K . .
of Fig. 1 are then Serial to Parallel (S/P) converted and the! "¢ Repeated Weighted Boosting Search (RWBS) [14]
nstitutes a guided random search based global optimizati

Frequency-Domain (FD) training symbols are concatenat&f"St . . : X

at the begining of each frame. The parallel modulated de£g°"thm. The basic philosophy of the RWBS algorithm isttha

are further processed by the Inverse Fast Fourier TransfoPphcommencing from a search-pool of the potential solutions
ich was initially randomly chosen, the algorithm contisu

IFFT form f OFDM symbols. After con natin _ . X :
( ) to form a set of O symbols. After concatenat y replacing the 'lowest-quality’ solutions of the popudet

the Cyclic Prefix (CP) ofV,, samples, the TD signal is trans--~ . . . . X
mitted through a multipath fading channel and contaminatééith the “best” potential solutions generated by diverseire:

by the receiver's Additive White Gaussian Noise (AWGN). inspired combinations/mutations of the candidate sofstim

At the BS, the CP is discarded from every OFDM symbér'e pool, until 'ghe Process converges. _The weighting. of the
and the resultant signal is fed into the corresponding F ndldate-_solutlons used in creating their convex co_mlmna
Fourier Transform (FFT) based receiver of Fig. 1. bgls, k| > aPpropriately controlled, in order to reflect the “fitriest
denote the signal received by théh receiver antenna eIementthe correspondmg potential solutions. Th's proqessnle_zmm
in the k-th subcarrier of thes-th OFDM symbol, which is a number of times or for numerous “generations” in order

given as the superposition of the different users’ channd® IMProve the probability of finding the globally optimal

impaired received signal contributions plus the AWGN, e _olupon. However, the classm“v\./elghtl"ng operation is u@ab
pressed as [3]; 0 simultaneously reflect the “fitness” of both the channel

and data estimate. In order to circumvent this problem, we

v proposed the DRWBS-JCEMUD scheme, which alternately
Yo ls, K] = > Hyls, KIX"[s, k] + Wy [s, k], (1) estimates the channel and the users’ data and mutually ex-
u=1 changes these estimates between both populations in arder t

d the joint optimum.
The proposed DRWBS-JCEMUD scheme is illustrated in

; ; ; Fig. 2 and the the flowchart for the RWBS algorithm is further
-th receiver antenna in thieth subcarrier of the-th OFDM S .
gymbol. illustrated in Fig. 3. We assume that the first two OFDM

As a benefit of the cyclic prefix, the SDMA/OFDM symbolssymbols of all the users are completely filled by known pilot
do not overlap and hence SDMA processing can be appliggmbols using the optimum training sequences of [15]. These

whereH"[s, k] denotes the frequency domain channel transfip
factors ()FD-CHTFS) of the link between theth user and the
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Fig. 2. Structure of the proposed iterative joint channéhestor and multi- i
user detector 4" Evaluation of the CF " ****** ( - !
.. .. o ‘ Normalization ‘ : 3
training symbols are used for obtaining rough initial estien ! 1
of the FD-CHTFs. Since the OFDM technique divides the ! = !
available bandwidth into parallel subchannels that expee Generation of the SE
frequency-flat fading, we can carry out the joint channel weighting factor 2 E
estimation and MUD on a per-carrier basis. To simplify the g =
corresponding expressions, we omit the OFDM symbol index Construct new individuals 5 =
as well as the subcarrier indéxand simply writeY,,, X* and by convex combination P S
Hy instead ofY,[s, k], X“[s, k] and H}/[s, k]. However, again, I I
the following analysis is conducted on a subcarrier bas@ev : !
specificially, the operation of the DRWBS-JCEMUD schemg ‘ Boosting update ‘ C
is detailed as follows: NOU 1 | |
We assume that the population sizes &g and Py for C Termination of the *
the FD-CHTF and for thd/ users’ data, respectively. The weighted boosting T
maximum number of generation 8. The initial FD-CHTF !
population contains thé& Least-Square (LS) estimates [15] — |
acquired with the aid of the training symbols. Then the Te"j::;l‘:‘rt;)i‘;ﬁf the R A
initial estimates of the users’ data are obtained by the MMSE -
OFDM/SDMA MUD [2]. The corresponding algorithmic steps
are formulated in more detail as follows:
1) Generation initialization commencing from: fI( 9 —
Hl()g 1) X(g) X(g 1) , the remaining(Py — 1) and Fig. 3. Flowchart for the RWBS algorithm
est st
(Px — 1) |nd|V|duaIs are then created by the mutation
operator, which is the same as the GA's mutation oper- = . )
ator [4], yielding individuals are given by
- . . Y = V1,V Ve, 9
HY = MUTATE(H).i =2 Pu. () (9) [ 11<2> 2<>P] v)” ”
. . X9 = X x7 e X2 (10
X = MUTATE(X{"),j =2, Px,(4) d A J (10)
A ple
whereg represents the generation index. Y = : : (11)
2) Calculate thecost function valueof each individual for ! o R '
all combinations of the FD-CHTF and users’ data as Y . HpY
follows: . .
3) Normalize the Cost Function (CF) value as follows:
= s (R X0 = v - B R * oo
i=1,2 Py, (5) T = @S I =12, Py, (12)
5 = e (B X)) — [y - B -
J i—1 J
whereXl(fcfit and Hl(f’it are determined by !
4) Compute thewveighting factor gy, andSx, according
Xl(agit,t = arg m(lgr)l JMSE (Hl()gstlt) 17X§g)) . (7) to:
XJ' H _( ) 77H
I:I(()Z)Stt = arg I}’l(ig)l JMsE (H(g) Xl()z)st t) (8) nH, = 25% (t— 1)J1i ,BH, = P 7;H , (14)
H i t
Furthermorg,(t)he received dayg the estimgt(e)of the&/ nx, = 25 (t—1 J)(é’)’ﬂxt — 17&7 (15)
users’ dataX;”’ and the MIMO FD-CHTFH;? of the X,



where ég,(t — 1) and 0x,(t — 1) are the distribution
weights of the GA-style individuals representing the FD-
CHTF and data of thé/ users, whilet represents the
iterations index in the weighted boosting search. The 9)

initial distribution weights are assumed to bg, (0) =
1/Py andox, (0) = 1/Px, respectively.

X,()ifzt . goto the next step, else set ¢t+1 and return to
step 2), whergy is the accuracy that has to be reached
before terminating the weighted boosting search.
Determine whether to proceed to the next generation

If we haveg < N¢, then sety = g + 1 and go to Step

1), else curtail the search and use the final solutions:

5) Update the distribution weights H=H%, X=X/,
7@ Again, it is worth pointing out that the proposed DRWBS-
Su () = o, (t = 1)By,",  Pu, <1, (16) JCEMUD conveniently generates the LLRs associated with the
i S (t— 1 1-Jg) 1 uth-user’s bit upon invoking the maximum-approximation,[3]
i, )ﬁH: - Bu, > 1. which yields
T
(5Xj (t) _ (5Xj (f/ 1)Bi(i ;Em 6Xt S 1; (17) ﬁu ~ _J% [HY _ HX“—’OH _ HY _ HXU_,l‘ } ) (30)
ox,(t—1)Bx, 7, Bx, >1, 8 A
. where the notation oX,,_.,,b = 0,1 suggests that theth-
and then normalize them as follows user’s bit isb, while the other users’ bits are the same as those
- i ) in X. More explicitly, the best individuak in the DRWBS-
0u(t) = Ou(t)) Y om,(t),i=1,2,---, PL18) JCEMUD's final generation creates two groups, where the first
i'=1 (or second) group is constituted by all the individuals that
~ Px have a value of) (or 1) for the uth user’s bit information.
ox,(t) = dx,(t)/ Z ox,(t),j=1,2,---,PE@9) The MUD’s soft output for theuth bit can then be used for
§' =1 ! calculating the corresponding LLR of theh user’s bit. The
resultant ouput LLR can then be directly fed to the channel
and let decoder for improving the multi-user MIMO OFDM/SDMA
om,(t) = 6m,(t),i=1,2,---, P, (20) system’s performance.
ox,(t) = ox,(t),j =12, ,Px. (21) IV. SIMULATION RESULTS AND DISCUSSIONS
6) Construct the new individuals representing the FD-  |n this section, we will investigate the achievable per-
CHTF and the users’ dataas follows: formance of the multi-user MIMO OFDM/SDMA system
Py using the proposed DRWBS-JCEMUD scheme. As an ex-
Hfg)+1 = ZéHv(t)I:I(.g), (22) ample, a simple four-path Rayleigh fading channel model
§28 i 7 . . .
i1 was employed for each transmit-antenna—receive-antarga |
Hfﬁ) — ol _gw 23) where_ the a_ssociated delay profile was negative exponlgntial
2 bestv; P+l decaying with the path delays of 1,--- ,2(L — 1) samples
X . and the delay profile was specified B o7} = exp(—1/10).
X, = sign (Z 0; (ﬁ)X?)) ; (24)  Each CIR-tap gf the links é)xperien?j){ed iln}depend(ent/Ra?yleigh
i=1 fading and it was assumed to be time-invariant within an
. Px . OFDM frame between two pilot-blocks, implying that the
Xﬁ;"))(Jr2 = sign 2Xég)st’t - 25& (t)X§r") (25) channels were assumed to be constant for the duration of
j=1 one frame, but they were faded at the beginning of each
o . frame. Moreover, a half-rate, 5400-block length binary Low
7) Replace (E]r)]e worst mdwwfual rgp(;t)esentm_g thé/ FD-  pensity Parity Check (LDPC) code was employed and the
CHTFH,,,, and users’ dat&,,,,.; . With H;- and  modulation scheme was BPSK for all users. However, dif-
Xy whererfg,,Ast,t,X,(jg,.sm,Hi* andX ;- are given ferent users may employ different modulation schemes. The
by four algorithmic parameters of the DRWBS-JCEMUD scheme
~(9) (9) <(a) were found empirically and the values usgd in our simulation
Hoyorst ¢ argmax Jyse (H,- ,Xbesm) (26) were Py = Px = U + 1,Ng > 50, while the accuracy
H; required for terminating the weighted boosting search fier t
XWe = ogmaxJuss (AL, X)) (27) FD-CHTF wasty = 0.005 .
X Moreover, two simulation cases were considered in this
- (9) ) 2 (9) < (9) paper. The first one is the “full-rank” scenario, where the
H;: = argﬂm({gJIVISE (HZ ’Xbest,t)’ BS has an array off = 4 antennas, while supporting
U = 4 UL MSs simultaneously transmitting data. However,
i = Py + 1, Py + 2, (28) it is also important to consider the challening “rank-defite
- (9) ) ~ (g) < (9) case, when we have more users than the number of receiver
X = ag Xm(lg} JusE (Hbest,t7Xj/ ) ’ antennas, because more users would like to access the system
i than the number of BS UL receiver antennds Hence we
j =Px+1,Px+2. (29) also considered a “rank-deficient” scenario of= 2 receive
antennas, while supporting = 4 UL MSs.
8) Determine whether to terminate the weighted Fig. 4 shows the attainable Mean Square Error (MSE) of

boosting search If we have|Hp,, 11 —Hp, 12| < &n
and XPH+1 — XPH+21 H(g) — H(g) X(g)

best best,t?) “*best =

the FD-CHTF versus the SNR for the DRWBS-JCEMUD
scheme. As expected, the proposed DRWBS-JCEMUD
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0 LS channel estimator
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V. CONCLUSION

In this paper, we proposed a guided random search scheme
for multi-user MIMO OFDM/SDMA systems, which we re-
ferred to as DRWBS-JCEMUD. The proposed scheme is
capable of generating soft LLRs, which can be fed to the
channel decoder. Our simulations demonstrated that tiné¢ joi
channel estimation and data detection scheme advocated is
capable of attaining a BER performace close to the ideal
scenario associated with perfect channel informationh bot
with and without FEC coding. Our simulation results also
demonstrated that the proposed DRWBS-JCEMUD scheme is

Average MSE of FD-CHTF

—— 4-user, 2-receiver scenar
4-user, 4-receiver scenarjo
0 2 4 6 8 10 12
SNR/dB

10 14 16 [1]

18 20

(2]

Fig. 4. MSE performance for a time-invariant channel, whiels a constant
envelope for 87 consecutive OFDM symbols. Both “full-randiid “rank-
deficent” cases were considered.

(3]

BER performance for Multi-user MIMO OFDM/SDMA system
[J MMSE MUD with LS channel estimation, 4-receive®> MMSE MUD with LS channel estimation, 2-receiver

O Proposed DRWBS-JCEMUD, 4-receiver = Proposed DRWBS-JCEMUD, 2-receiver
— ML MUD with Perfect FD-CHTFs, 4-receiver A ML MUD with Perfect FD-CHTFs, 2-receiver

S

(4]

(5]

(6]

BER

\
} S [7]

106° ﬁ“ \\ !

<<<<<<<<< without FEC

—— FEC-coded
10° coded [} § \ : 8]

0 2 4 6 8 10 12 14 16 18 20
SNR/dB

9]

Fig. 5. BER performance versus different SNRs of the uncadetlLDPC-
coded multi-user MIMO OFDM/SDMA system. The system suppddur

MS simultaneously transsmitting data to the BS. We considercases that [10]
the BS employs two antennas and four antennas. The optimabiéfétion

with perfect channel knowledge were also given as a referenc

[11]

scheme achieved a useful improvement over the initial cklann
estimate, especially in the range 8V R > 8dB. [12]

In order to provide an overall impression of the attainable
system performance, we evaluated the system’s Bit-Error-
Ratio (BER) in Fig. 5 both with and without channel coding,lg]
as shown using solid and dashed lines, respectively. O@se[rv
in Fig. 5 that our scheme approaches the BER performance
of the ideal case associated with perfect channel infoomati
both with and without FEC coding, regardless of the numbE]
of antennas employed at the BS. An additional important
observation is that, as expected, the system emplo¥irg4
antennas achieved a substantial performance gain, cothpare
to the system employindg® = 2 antennas, as a benefit of itg[15]
increased spatial diversity, especially in the SNR rangsab
4dB.

capable of operating in “rank-deficent” scenarios.
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