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Performance Analysis on MIMO-OFCDM Systems with
Multi-Code Transmission

Yiqing Zhou, Member, IEEE, and Tung-Sang Ng, Fellow, IEEE

Abstract—This letter proposes an analytical approach to eval-
uate the performance of MIMO-OFCDM systems [1] with multi-
code transmission. Assuming zero-forcing successive interference
cancellation (ZF-SIC) in the space domain and MMSE detection
in the frequency domain, it is shown that at each step of SIC,
the error events on multiple code channels are correlated to
each other, which make the performance evaluation difficult due
to the involvement of a complicated multivariate probability.
By approximating the multivariate probability by a series of
two-variate probabilities, the proposed analytical approach takes
the correlation into account and provides accurate performance
estimations. The analytical results are verified by simulations and
shown to be more accurate than those where no correlation is
considered.

Index Terms—OFCDM, two-dimensional spreading, multi-
code, MIMO, interference cancellation.

I. INTRODUCTION

RTHOGONAL frequency and code division multiplex-
O ing (OFCDM) has been shown to be a promising can-
didate for the downlink transmission in future high speed
wireless communications [2]. Based on OFDM, OFCDM
employs two-dimensional (2-D) spreading, where each data
symbol is spread in the time domain with Nt chips and in
the frequency domain with N chips. To increase data rate,
multi-code transmission can be employed, where multiple 2-D
codes are assigned to one single user. By means of simulations,
OFCDM has been investigated in multiple input multiple out-
put (MIMO) systems on various topics like near-far problems
[3], sub-optimum maximum likelihood detection [4], joint
iterative detection and optimal power allocation [1]. In this
letter, an analytical study is carried out on the uncoded MIMO-
OFCDM with zero-forcing successive interference cancella-
tion (ZF-SIC) and imperfect channel estimation.

The main challenge for the performance analysis is to
accurately estimate the error propagation in SIC. A single
carrier MIMO (SC-MIMO) system with ZF-SIC has been
analytically investigated in [5]. At each step of SIC, since one
data symbol was transmitted on each antenna in SC-MIMO,
only one error event would occur. However, in the multi-
code MIMO-OFCDM system, each antenna sends multiple
data symbols (one symbol on each code channel) at the same
time. So more than one data decision error could occur, and
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these errors are correlated to each other. Thus, the perfor-
mance analysis involves a multivariate Gaussian distribution,
which becomes intractable when the number of code channels
increases. Although the BER analysis of IC technologies has
been studied extensively [6][7], the problem is only partly
solved for systems with few stages and users/code channels,
e.g., two-stage and two users in [7], due to the complex
multivariate distribution. The proposed analytical approach
approximates the multivariate distribution with a series of
two events distributions, thus reduces the analysis complexity
dramatically and takes the error event correlation into account
as well. This approach can also be applied to other IC schemes
where error event correlation must be considered. It will be
shown that the analytical results obtained from the proposed
approach are close to simulations and more accurate than those
where no error correlation is considered.

In the rest of this letter, Section II gives a brief introduction
on the system model. The performance of MIMO-OFCDM is
analytically evaluated in Section III. Numerical and simulation
results are presented in Section IV to verify the analytical
results. Finally, conclusions are drawn in the last section. In the
following, bold capital letters stand for matrices and normal
letters are for other scalars.

II. SYSTEM MODEL

A. Transmitter

A brief introduction is given in this letter on the system
model. Readers could refer to [1] for a detailed description.
In MIMO-OFCDM, independent bit streams are transmitted
at n; antennas. At each antenna, the stream is serial to
parallel converted into K streams, corresponding to K data
code channels. On each code channel, information bits are
modulated and 2-D spread. Signals from all K data code
channels are then added up at the code multiplexer, and block-
interleaved in the frequency domain, so that the N sub-
carriers carrying the same data symbol are separated in the
frequency band, providing large frequency diversity gain. At
the same time, known pilot symbols are employed on each
sub-carrier and spread in the time domain. Different orthogo-
nal spreading codes are used by the pilot channel of different
antennas. Using packet transmission, each packet starts with
Np OFCDM symbols for pilot, followed by Np symbols for
data. The signal transmitted during the i*" OFCDM symbol
on the m'™ sub-carrier at the p'" antenna is given by

dpitot pmci) ;;  0<i<Np—1

)

Spym,i =

K-1
> dpyim,kCiymoe, Np <t < Np+ Np — 1
k=0

1536-1276/09$25.00 © 2009 IEEE
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Fig. 1. Example of ZF-MMSE-SIC signal detection for ny = n, =4
ny—1 Np—1 Np—1
hanmm = ———— h L P P +— =hgpm+ Vipm, 2)
q,p,m pzlot o q,p,m pll0t7pa NP 4 Np,i Np,i nqﬂ m NP 3 - '"g,p,m q,p,m>
’ =0
where dpiior,p,m is the pilot symbol with F {|dpigot7p7m| } = time domain despreading, the data signal on the m sub-
. . _th . . .
BPy, dy i m.k is the data symbol of the k™ code channel with ~ carrier of the g™ receive antenna is given by
2 .
|dpim.k|” ¢ = P, and c(p) 4 and Ci m, . are the spreading
code for the pilot and data channel, respectively. (%)
A frequency selective and slow fading channel is adopted. 7m = hapm dp,kCNF,m)
Let hypm denote the complex channel fading on the m'" ne—1 K¢
sub-carrier from the p*® transmit antenna to the ¢*" receive + E g, p.m E d kcg\’;) -
. . . . I ? F
antenna, whose amplitude and phase are Rayleigh distributed p=0 k=0
. 2 . .. . 5
with P, = |hgp.m| ¢ and uniformly distributed in i 3)

[0,27), respectively. Note that in slow fading channels, the
orthogonality in the time domain can be kept among the
2-D spread multi-code channels and the spreading in the
time domain has no influence on the system performance.
However, 2-D spreading is still employed instead of the one
dimensional spreading in the frequency domain to make the
system compatible to other OFCDM systems and suitable for
future research in fast fading channels.

B. Receiver

At each receive antenna, signals are processed by the
matched filter, FFT block, deinterleaver and demultiplexer.
On the '™ sub-carrier, the pilot signals are despread in
the time domain, after which the channel factor from the
™ transmit antenna to the g (0 < § < n, — 1) receive
antenna can be obtained as (2), where 7 ; - is the zero-mean
background noise with a variance of 2. N7 7 18 independent
to each other for different sub-carriers, antennas and OFCDM
symbol durations. Given QPSK modulated pilot symbols,

the variance of vgpm is 0y =02 /(BP;Np). Meanwhile,

assuming {C’](\(,);,CJ(VICF)} as the desired code channel, after

MAI

ha pm E dpkei)m | +eam

k;ék

MCI

where K¢ is the number of codes in the interfering code set
QpF = {{CI(\?), c\r) }‘ kr # k¢, MAI is the interference
from other transmlt antennas MCI is the interference from
signals radiated by the same antenna but on different code
channels in Qp, and 5 is the noise with zero mean and a
variance of o2 /Np.

Thus, ZF-MMSE-SIC detection is employed with ZF-SIC in
the space domain to combat MAI and the MMSE detection in
the frequency domain to suppress MCI. As illustrated in Fig.
1, based on QR decomposition, ZF-SIC is carried out first.
Let H— represent the n, X n; estimated channel matrix on the

mth sub-carrier. The QR decomposition of H is given by
H— Qm Rz, where Qz is a n,. X ny orthogonal matrix and
R— is a my X my upper trlangular matrix. After multiplying
the recelved signal vector with Q the last element or the
(n; — 1)™ element of the resultant vector is free of MAI and
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_ ne—1 Kc
_ (s) _ (%) ~ - (k)
Ynim1—s% = A (2 Ly - ’Vntls,m) = dnﬁks,E + A ZwsﬁcNF,m Z Tmne—1—s,p Z dpk — dpk | CNp7m
m m pP=n¢—S k=0
]\/IAInt—lfs.E
Ko - (E @)
- k
+ A Z Z wsvchF7m7‘m,nt71fs,nt71fsdnt71fs,kcgvf)“m + A, Z Wy mCN i lng —1—s,77 -
T k=0,k%k m
MOI | o Not 1 o%
' imati ; ; K< obtained from the 0'" to the (s — 1)*® step, given b
provides an estimation for the multi-code signal »_ dp,—1. P, & y
k=0 9
. th . K¢ E{‘MAIM*1*&W| {Ne,oa"' 7Ne,571}}
transmitted from the (n; — 1)~ antenna. Since . d,,_1x ne—1 6)
k=0

are impressed on N interleaved sub-carriers with m = 0,
M/Ng, -+, M — M/Np (M is the total number of sub-
carriers), MMSE detection is employed in the frequency
domain to recover each data symbol, which is needed for
the MAI cancellation at the next step. In general, the data
transmitted from the (n; — 1 — s)™ antenna can be obtained
after the s'" step of the ZF-MMSE-SIC detection. When
s = 0, there is no MAI cancellation. When s > 0, after the
MAI cancellation, the resultant signal for the (n; — 1 — s)™
transmit antenna is given by

()

’7ntflfsyﬁ

ng—1 Ko )
= Yng—1—sm — > Pmni-1-sp D dp,kCNF,m
p=nt—s k=0

K¢
—_= (k)
= Tmnt—1—sn—1—s § dntflfs,chF7m + My —1—s,m (4)
k=0
ng—1

Ko
+ Z ?ﬁyntflfs,p Z (dp,k - dpyk) Cgcﬁ,m,

p=n¢—s k=0

MALy, 1

where v, _1-sm is the (ny — 1 — s)th output of Q% mul-
tiplication, 7w, ; is the (i,7)t" element of f{m, &\p,k is the
recovered data symbol, M Al,, _1_s is the residual MAI,
and 7,,—1—sm 1s the zero-mean noise with a variance of
0% = (K¢ + 1) Pynyog+02 /Ny [1]. Then, MMSE detection
(s)

is employed to recover dntflfs,E from ’Ynst71fs,m~ Generally,
it is difficult to get a close-form expression for the MMSE
weights due to the involvement of matrix inversion. However,
assuming full load, i.e., K = N, a simplified MMSE weight

can be obtained [8]

ES d _(~® *,ﬁf
l ny—1—sk \Tng—1—sm g —l—s,np—1—s

2
E{ |’Y’flst)f175,ﬁ

Pd'?ﬁ,ntfl—s,nt—lfscg\sz,ﬁ
Pa(KcAD) s 0, 1oy 1o T E{[MALy, 1o ] 402
(k)

s,;mCNp,m

Tﬁ,nt—lfs,ntfl—s}

&)

=W

where F {\M Alnt—l—s7m|2} depends on the data decisions

= 2Pd Z |?ﬁ,nt7175,p|2 Ne,ntflfp )
p=n¢—s

where QPSK modulation is assumed, N., is the number

of bit errors at the p'" step, and bit errors at the real

and imaginary parts are independent to each other. The

output of MMSE detection is further normalized by A\, =

(Z wmrm,m—l—s,m—l—s)

m
the next section. Thus, the decision variable for the data on

the " code channel of the s transmit antenna is obtained
as (7).

In this letter, ZF-based schemes are considered in both chan-
nel estimation and signal detection in the space domain, due
to their simplicity and acceptable performance. MMSE-based
schemes can also be employed, providing better performance
at the cost of extra complexity. Since the main idea of the
proposed analytical approach keeps the same for either ZF-
or MMSE-based schemes, ZF-based ones are employed to
simplify the derivations in the next section. Moreover, it has
been shown that with multi-code transmission, the MIMO-
OFCDM suffers from MAI and MCI, and ZF-MMSE-SIC is
needed to combat these interferences. To reduce the transceiver
complexity, an alternative architecture, i.e., transceiver B, can
be considered, where the data at each transmit antenna is
spread only in the time domain with an antenna-specific
orthogonal code of length Ny g (Nt p > n;) and single
code transmission is assumed. Hence, at each receive antenna,
using time domain despreading, data signals transmitted from
different antennas could be easily separated. Then maximum
ratio combining (MRC) is employed to collect the transmitted
data from different receive antennas and a full receive diversity
of order n, is achieved. Since there is no need to detect
signals in the space domain, receiver complexity is greatly
reduced. However, the MIMO-OFCDM with transceiver B can
only achieve 1/Np p data rate as high as that provided by
the transceiver A employed in this letter where multi-code
transmission and ZF-MMSE-SIC detection are considered.

to simplify the expressions in

III. PERFORMANCE ANALYSIS
A. BER at the 0* Step

l}Vith QPSK modulation, the complex data symbol on the
& code channel of the (n; — 1) antenna can be written

as d,, ;5 =+/Fu/2 (dlmt—l% +j-d . Assuming

Qant_laE)
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(s) 2K .+2
Peﬁ;_Pr(dlnt 15167é Ins— 1sk‘HF) Z
Ne,0=0

P
e,Hp {Ne,0,,

N, 1 =Pr (dl,ntflfs,z # dl,ntflfs,z ‘HF’ {Nevo’ T
e,s—1
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2K.+2

X P

Ne,s—1=0

Pr(Neos+  New1| Hp J10)

EHF {Nec,0,-,Ne,s—1}

Ne,sl}])—Q< Pd/(zoik(s))) (12)

that there is no phase imbalance at the receiver, the BER
of the real and imaginary parts of the decision variable
Yy, 15 should be the same. Moreover, suppose that the data
on different code channels and the background noises on
different sub-carriers are independent to each other. Given
the estimated channel matrix on Ng sub-carriers Hp
{ﬁ()’I/:IM/NF"“ ,I?IM_M/NF , the variances of the MCI
and noise in the real part of Yn,— 1% (see (7)), i.e., Yl ne—1%
are given by

2
91,MCIE (0)
Ko -
—~ k k
= Pd >‘(2) Z ZWO T, ng — 1,nt*10§\7;~,mcl(\fp)~,ﬁ 8)
k=0,k#£k | ™
2
INozk:( ): 07)‘02’ ﬁ’

Since MCI can be accurately approximated as a Gaussian
variable in MMSE detection, the sum of the MCI and noise
can be modeled as a zero-mean Gaussian noise with a variance
of 07 (0) = o2 MO (0) —|—oI NoiT (0). Thus, the conditional

BER at the 0'h step of ZF- MMSE-SIC detection is given by

(dI,nt—l,E 7 dl,m—lﬁ‘ HF)
:Q(m> 7

= 1/v2r [ e R,

P9 =pr
enr

®)

where Q (z

B. BER at the s Step

Let Pr{ Ne,--- ,Ne,371| ﬁp) denote the probability of
the event that there are N.o, ---, Ne —1 bit errors at the
0th, ..., (s — 1)*™® step, respectively. The conditional BER
at the s'" step of the detection can be expressed as (10),
where 2K —|— 2 is the maximum number of bit errors at each
step, and P s) is the BER conditioned on

e.Hp,{Ne,0, \Ne,s—1}
both channel information and error event { N o, - -+ , Ne s—1}-
First of all, P(})I (Neo, N can be obtained by taking
MAI s asFaf szlfésmn edistmbuted variable. The variance
of the real paIt of M AI —s T is given by

O’%]V[AI,E (87 {N€70>"' 9 675—1})
Ne,sl}}

2
Sl v
~ 2
[Pm,ne—1-s,p]” Neyne—1-ps

2 ng—1

~ P2 2 |w >
p=n¢—s
where the correlation of M AI _1_sF On different sub-
carriers is ignored. Assuming that ‘the real part of MAI, MCI
and noise are independent to each other, their sum can be
taken as a zero-mean Gaussian noise with a variance of

O-IE(S):O-?,]\/IALE(S7{N6’O7... €,8— 1})+O- (S)+

(11)

s,ﬁ’

I,MCIk

o? (s), where o? 2

I,Noik 7 amory (8) and 1 Noi 7 (5) can be
obtained by replacmg Ao, wom and Trpp,—1m,—1 in (8)

by As, wsm and rmmt,l,s,nt,l,s, respectively. Thus,

(s) e ol
Pe,ﬁp,{Nc,o,---,Nc,sfl} is given by (12).
Next, Pr{ N¢,--- ,Ne7s,1|HF) can be rewritten in an

iterative way as follows

Pr(New, -+, N1 fir)
=Pr (Ne7s—1| Neo, -+ Nes—2, ﬁF)
-Pr (Ne,s—2| Neo,- - >Ne7s—37ﬁF)
. Pr (Ne,1| Ne,o,ﬁF) - Pr (Ne,o\ ﬁF)

To calculate (13), Pr (N&o\ ﬁp) should be obtained first.

Define the decision error on the k' data code channel at the
0" step as

0)
0 =l

= 1/2

(13)

0
+7- eég)k

(14)

dlvntflvk - dI,ntfl,k‘

+J dQ7nt_1ak - dQ,nt*Lk‘

0 0 . .
where e(”l (or eé?)k) equals one when there is a deci-
sion error and zero when the decision is correct. Thus,

e® (65-?%,68,)0,"' s (IO}{C, 8,)Kc represents a set of
Oth

vectors of 2K + 2 data decision errors at the step.
Assume that the Nog = N5 + Neo,q bit errors in e
can be divided into N.o; and N, errors in real and
imaginary parts, respectively, then the numbers of different

Keo+1
Ne,O,I

n o
[ B ey
(0)

'7617Kc> is defined as
Ne,o,1,

error sequences in real and imaginary parts are

and (

Thus, 6582 o1 ( ())
(gcj 11) — 1) error sequence for

the real part and eN o (68)0"" (0)

Q. Kc)Ne,o,Q,j
Kco+1
071"'. 7(N80.Q)

— 1) error se-
quence for the imaginary part. Pr (Nevo|ﬁF) can be ex-

: (0) (0) ;
pressed in terms of ey’ 0,15 and ey’ ;. as shown in

(15), where the real and imaginary parts are independent

to each other, and Pr(e(lo()),n-, (IO}(C’HF7N6,O,I7 )

Pr 68)0,“' eEQ)KC HF,NQO,Qaj) are joint event proba-

bilities. Given N, j, it is reasonable to assume that the

Ko +1

, respectively, where (
Ne,o,q

the it (4 = 0,1,--

is the j% (j =

and
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Ne,o,1 Ne,o Q
~ 0) 0 ~
Pr ( eO|HF) = p y P (61\730171765\’20(2,] HF)
Ne,0,1=0 i=0 J:0 15
Ko+l Ko+1y_, (15)
(N“”) @“°Q) © L0 : 0) ) :
= Z . ) PI'(GLO,"' € , NE,O,IaZ) Pr(6Q07"' eQKc HF7N6,O,Q7.])?
Ncy()J:O ’L:0 ]:0
P2 Wo mowo ml?m(bnt_17nt_1?m17nt_1;nt_1
— _ d
aMcmhhhy_E{MCQmﬁL%.MCQmﬁLh}_ EDIDIN BRI O
mo mi F,Mo F,m1 ket ken F,Mo F,m1 (18)
. ) (ko) (K
anoi (ko, k1) = E {NOZI,mekO ) NOZI,nFLkl} = % Z 0 mCN; m g\r;)
m
(Kc+1)/NE71
(0) (0) ) A (0) (0) (0) I ;
Pr(ef ek BrNeoir) T Pr(efmmelnpr ey g o | e Newsin) - (19)
i=0
Pr (6(10())7 cee 6(10}(0 ICIF,N&O’ I,i) is almost the same for all considered when Nr = 1, the approximation is poor. It is
: = . noted that although the two-event probability with Ng = 2
. Therefore, Pr ( Noo| flr) can b ted b .
! erefore, Lr 6’0‘ F ) can be approximated by needs more effort to calculate than that with Ng = 1,
Pr (NE,O\ Hre it can be upper bounded by a close form equation, which
Ko +1 Ko +1 reduces the complexity. By taking some level of correlation
N N into account, the approximation using Np = 2 should be
Neyo e0,1 €0,Q (16) : . .
~ E — 4L
~ 3 ©) ©) ‘ more accurate than that provided by Ng = 1, which will
Neor=o | “Priero erk, ’ HF,Ne,o,I,U) be verified by simulations in next section. Moreover, although
-Pr (6807"' eg’)K ’HF,NE,(,,Q, jQ) the correlations between the two-events are ignored, it will
_ ) be shown later that the analyzed BERs based on the two-
where iy and jo can be any value chosen from eyent approximation are close to the simulated ones and

[O, (f@cj}) - 1] and [O, (ﬁf:‘;) - 1] , respectively. A sim-
s iy Hp, Ne,OinIP
s

ple method to calculate Pr( e; o, -« €55
is to assume that the bit error occurring on each code channe
is independent to each other, given by

Pr(e(“)),~-~ e(IO}{C HF>NeOI>iI>
(17)
~ H PI‘(EIk‘HF,Ne()[,Z[)
where Pr(elk‘HF,NGOI,u) = P(O) for egol)c 1, and

Pr (650,1 HF,Neo ,ir) =1— P(})I for 65-011 = 0. However,
it is noted that for different code channels at the same step
of the ZF-MMSE-SIC detection, the MCI (or noise) terms
in the decision variable of real part (or imaginary part) are
correlated to each other, as shown in (18). Therefore, the
decision variables on the K¢+ 1 code channels are correlated
and the calculation of Pr e%,-~- ,eg?}(c ﬁF,Ne,OJ,’L.[)
involves a multivariate Gaussian distribution of Ko + 1
dimensions, which becomes intractable when Ko + 1 is
large. Assume that Pr (e%, . ,eg?}(c ﬁF,Ne,OJ,’L'[ can
be approximated by a set of Ng-event probabilities, given
by (19). When Np = K¢ + 1, (19) provides the accurate
value at the cost of very high complexity. As Ng decreases,
the value of (19) deviates from the accurate one since more
and more correlations are ignored, but the complexity is also
reduced. By setting Np = 1, (19) reduces to (17) and the
calculation becomes simple. However, since no correlation is

provides a good estimation. Thus, Ng is set to two in this
letter. When there are two decision errors, the probability

Pr (61 01 €1 i‘ Hg, N, 07%1) can be upper bounded by [7]

Pr eg?)
Pr (
A/ 1—0(0,1

17(18;

1e$}—1¢ﬁF)

0=
dI,07OyI7O,0 <0, dI 01¥r01 = O| HF)

2
Py(1 a(l)
ile=)
2
/1—ao 1 Py a(2)
‘*‘% 1ia<2>’ lQ< %)] )

0,1
where a1 = anrer (0,1)+ano (0, 1), a(() i = max (0 @, 1)

and aé z = min (0, O‘o,1)~ Similarly, when there is one and no

decision error, the corresponding event probabilities are given
by

(20)

IN
N[=

Pd _ l,/l—a(),]
202(0) 2

e 277(0)

Pd(l*a(()z,i) )] @
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TABLE I
SYSTEM PARAMETERS

No. of transmit antennas n. 4

No. of receive antennas 7, 4

Bandwidth 100MHz

No. of sub-carriers M 1024 (97.7kHz sub-carrier spac-
ing)

OFCDM symbol duration | 12.5us = 10.24 4 2.26

Ts =Te+ Ty

Packet length (T - (Np + | 0.65ms (12.5us - (4 +48)) (52

Np)) (No. of OFCDM sym-
bols per packet)

Pilot Channel

OFCDM symbols: 4 for pilot and
48 for data)

Time-multiplexed with data chan-
nels one dimensional spreading in
the time domain

2-D OVSF (spreading factor N =

Spreading Code for Data

Channel Nr X Np =8 X Np )

Spreading Code for Pilot | OVSF (spreading factor Np = 4)

Channel

System Load K/N =1.0

Modulation QPSK for both data and pilot
channels

Channel Model Parallel slow fading multi-

channel model with a coherence
bandwidth of A f. = 1MHz

Pilot-aided, ZF channel estima-
tion

ZF-MMSE-SIC

Channel Estimation

Signal Detection

and
Pr (e<10()) = O,ef% = O’ ﬁF)
=Pr (dI,0,0yI,0,0 >0, dI,o,lZ/I 012> 0’ HF)

2
(1)
1y 10,1 Pd(lfo‘o,l)
<1+ PR |:Q ( T20700)

5 2
S o ) ),

g
respectively. Using (16), (19) and the bounds (20)-(22), an
approximation of Pr ( N, ¢| HF)

In (13), the calculations of Pr ( N 1| N6707ﬁF),
Pr (Ne,s_l\ Neo, - ,Ne7s_2,ITIF can be carried out in a

similar way as that of Pr (Ne,o\ ﬁp , by taking the MAI
in the decision variable as a Gaussian variable. Moreover, it
is observed in the numerical results that when the number
of bit errors is larger than 8, the contribution to P(l from
corresponding items in (10) is negligible. Therefore no more
than 8 bit errors are taken into account when calculating
P( 2) . Finally, P(A) is averaged over all ﬁp to obtain the

ﬁnal average BER at the s*® step, which can be numerically
evaluated by a Monte Carlo Approach. Although the BER
analysis is carried out for QPSK, the same approach can be
extended to other rectangular QAM schemes with a more
complex error enumerating process.

(22)

is obtained.

-, and

IV. PERFORMANCE EVALUATION

Some representative numerical and simulation results are
shown in this section. The configuration of the multi-code
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MIMO-OFCDM system is given in Table I. Unless noted
otherwise, the power ratio between the pilot channel and all
data channels 3/ K is set to 3.5. First of all, given four transmit
and receive antennas, the BER performance of the transceiver
A (with multi-code transmission and ZF-MMSE-SIC) and B
(with orthogonal single-code transmission) is compared in
Fig. 2(a) by means of simulations. It can be seen that in
terms of BER, transceiver B outperforms transceiver A due to
the orthogonal transmission. However, the effective data rate
provided by transceiver B is only 1/Np p = 1/4 as high as
that provided by transceiver A. In the following investigations,
transceiver A is considered.

The analytical performance of an uncoded system is ver-
ified by simulations in Fig. 2 as a function of SNR. As a
comparison, Fig. 2(a) and 2(b) plot the BERs calculated from
the proposed analytical approach (approach (a)) and the one
where no correlation is considered (using (17), approach (b)),
respectively. It can be seen that for the 3*¢ antenna, the analyt-
ical results of both approaches match well with the simulated
ones, because at the 0" step of ZF-MMSE-SIC detection there
is no MAI cancellation and no error propagation. For later
detected antennas, the analytical results of approach (a) keep
close to the simulated BER, while the results of approach (b)
deviate from the simulated ones, especially at high SNR. The
reason is that as the ZF-MMSE-SIC detection goes on step
by step, the errors at previous steps propagate to the current
one and have a cumulative effect on the BER performance.
Their influence is apparent in the 2°¢ and 3™ steps as they
dominate the BER performance, particularly at high SNR. It is
clear that the correlation between the error events at previous
steps should be taken into account, otherwise the analytical
BER becomes too optimistic.

As illustrated in Section II, the MIMO-OFCDM system
employs a practical channel estimation algorithm by using the
time-multiplexed pilot channel. Since the total transmission
power is limited, the power should be suitably allocated
to the data channels and the pilot channel to achieve the
best performance. Fig. 3 shows the system performance as
a function of the power ratio between the pilot and all data
channels (8/K). It can be seen that when /K is small, the
pilots have low power and the channel estimation quality is
poor, resulting in a high BER. When /K increases, the BER
reduces as the quality of channel estimation improves. The
BER reaches a minimum value for a particular value of /K.
Further increasing 3/K beyond that value increases BER due
to too little power assigned to data channels. At different an-
tennas, the system always achieves near optimum performance
when /K takes value between 2.0 to 6.0. It can also be
seen that the analytical results obtained from the proposed
approach matches well with the simulations for all values of
B/K, while the analytical BER of approach (b) for the last
stage of detection is much lower than the simulated BER,
especially near the optimum (/K. This again demonstrates
the importance of taking correlation into consideration in order
to obtain accurate performance evaluation. Note that for the
sake of clarity, the analytical results of approach (b) are only
shown for the last stage of detection.

Finally, the BER performance is shown in Fig. 4 as a
function of frequency domain spreading factor Ny when Np
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is fixed at eight. For various values of Np, the analytical
results of approach (a) are accurate. On the other hand, only
for small N like Nr < 4, the BER of approach (b) is close
to the simulated BER at the last stage of detection. When N
gets larger, it deviates further and further from the simulation
result. Since the number of code channels increases with
Nr (Ko = Np — 1), more error events occur at each step
of ZF-MMSE-SIC detection. Thus the error event correlation
has greater influence on the system performance with larger
Np. Moreover, it can be seen that when Np increases, the
performance of MIMO-OFCDM improves, especially for the
ond 15t and 0P antennas. This is in consistence with that in

[1].
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Fig. 4. Effect of frequency domain spreading factor

V. CONCLUSION

This letter has proposed an analytical approach for the
performance evaluation of MIMO-OFCDM with ZF-MMSE-
SIC. The analytical results have been verified by simulations
with various channel conditions. It has been shown that in
MIMO-OFCDM systems with multi-code transmission, at
each step of SIC, the error events on multiple code channels
are correlated to each other. By taking the correlation between
error events into account, the proposed analytical approach
provides a good estimation for the system performance with
various channel conditions, which is more accurate than the
one where no correlation is considered.
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