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MIMO-OFCDM Systems with Joint Iterative
Detection and Optimal Power Allocation

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

Abstract—This paper investigates the orthogonal frequency
and code division multiplexing (OFCDM) systems with multiple
input multiple output multiplexing (MIMO-OFCDM) and multi-
code transmission. Combining the iterative detection in the
space domain and the hybrid multi-code interference (MDI)
cancellation and minimum mean square error (MMSE) detection
in the frequency domain, a joint iterative detection is proposed,
which enables space and frequency diversity gains to be jointly
exploited. Moreover, using a two-dimensional (2-D) averaging
channel estimation algorithm, a close form expression is derived
for the optimal power allocation between the pilot and all data
channels that achieves the best system performance. It is shown
that the optimal power ratio mainly depends on the channel
estimation algorithm, the number of transmit antennas as well
as the number of pilot and data symbols in a packet, but is
not sensitive to the changes in signal-to-noise ratio (SNR) and
diversity gains. Simulations are conducted to verify the derived
optimal power ratio and study the performance of the proposed
joint detection algorithm. It is shown that considerable improve-
ment can be obtained when the number of loops in the joint
iterative detection increases. Moreover, the system performance
is enhanced significantly when the frequency domain spreading
factor, N, increases.

Index Terms—OFCDM, MIMO, optimal power allocation,
two-dimensional spreading, multi-code, iterative interference
cancellation, channel estimation.

I. INTRODUCTION

ULTIPLE-INPUT and multiple-output (MIMO) multi-

plexing is an efficient technique to in crease the data
rate. By transmitting independent data on different antennas
simultaneously, MIMO can increase the data rate linearly with
the minimum number of transmit and receive antennas [1]-[2].
On the other hand, combining OFDM with two-dimensional
(2-D) spreading [3]-[4], orthogonal frequency and code di-
vision multiplexing (OFCDM) [5] is a promising wireless
access technique for the broadband downlink transmission.
Based on OFDM, OFCDM can combat the severe multipath
interference. Moreover, 2-D spreading provides additional
benefits. With the introduction of time domain spreading, the
system can provide flexible transmission rates. Furthermore,
frequency diversity gain is achieved through frequency domain
spreading. Although frequency diversity gain can be obtained
by channel coding as well, the gain is limited due to the
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limited coding rate and constraint length [6]-[7]. Therefore,
even in channel coded systems, frequency domain spreading
should still be employed to provide additional diversity gain.
Meanwhile, because of 2-D spreading, the data rate of the
OFCDM system is reduced to 1/N, where N = Ny x Np is
the total spreading factor, and N7 and N are the time domain
and frequency domain spreading factors, respectively. To in-
crease the data rate, multi-code transmission can be employed.
Using orthogonal variable spreading factor (OVSF) codes [8]
as the spreading codes, there are N and N different codes
in the time and frequency domains, respectively. Hence, up to
N = Nr x Np orthogonal 2-D codes are available, and the
system can provide various service rates by assigning different
number of 2-D codes to one single user.

The OFCDM system with single antenna (SISO-OFCDM)
has been widely investigated [9]-[11]. However, there are
only few published works on the MIMO-OFCDM system.
With only time domain spreading, the performance of MIMO-
OFCDM was investigated in [12]-[13], where a sub-optimum
maximum likelihood detection (MLD) method was consid-
ered. In [14], to resolve the near-far problem, transmission
power was optimized for a convolutionally coded MIMO-
OFCDM system using single-code transmission. This paper
considers the MIMO-OFCDM system with 2-D spreading and
multi-code transmission, where the desired data signals are
interfered by not only co-channel signals from other transmit
antennas (or multi-antenna interference (MTI)), but also multi-
code interference (MDI) from other code channels. Although
the MLD achieves the optimal performance, it is practically
infeasible since its complexity increases exponentially with
the number of antennas and code channels. On the other
hand, various sub-optimum detection algorithms have been
proposed for MIMO systems, such as successive interference
cancellation (SIC) [15]-[17]. Based on zero-forcing SIC (ZF-
SIC), a multi-loop iterative detection in the space domain was
proposed [18]. Moreover, in the frequency domain, a multi-
stage hybrid MDI cancellation and MMSE detection provides
superior performance to the pure MMSE (or conventional
MMSE) detection [10]-[11]. Combining the iterative detection
in the space domain and the hybrid detection in the frequency
domain, a joint iterative signal detection is proposed. It will be
shown that the performance of the MIMO-OFCDM system is
significantly enhanced due to the frequency and space diversity
gains obtained by using the joint detection.

Meanwhile, in SISO-OFCDM, it has been shown by simu-
lation and numerical evaluation that the quality of channel
estimation is critical to the system performance [10]-[11].
It is therefore important to investigate the performance of
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(a) Transmitter Block Diagram

Fig. 1. Transmitter structure of the MIMO-OFCDM system

MIMO-OFCDM systems with imperfect channel estimation.
Under limited transmission power at each antenna, the channel
estimation is optimized by using the optimal power allocation
(or power ratio) between the pilot and all data channels (5/K)
that achieves the best system performance. By minimizing
the mean square error (MSE) during signal detection, a close
form expression for the optimal power ratio 3/K is derived
in this paper. The optimal power ratio is shown to depend
on the channel estimation algorithm, the number of transmit
antennas as well as the number of pilot and data symbols in a
packet, but is not sensitive to other system parameters such as
signal-to-noise ratio (SNR), the number of receive antennas,
and frequency domain spreading factor.

The rest of the paper is organized as follows. Section II
introduces the basic structure of the MIMO-OFCDM system
and the channel model. Section III describes the channel es-
timation algorithm and the joint iterative detection algorithm.
A close form expression is derived in Section IV for the
optimal power ratio between the pilot channel and all data
channels. Then simulation results are presented in Section
V to verify the derived optimal power ratio and demonstrate
the performance of MIMO-OFCDM with the joint detection.
Finally, conclusions are drawn in the last section.

II. SYSTEM DESCRIPTION
A. System Model

The transmitter of the MIMO-OFCDM system is shown in
Fig.1(a). Information bit streams are firstly serial to parallel
(S/P) converted into n; sub-streams, corresponding to n; trans-
mit antennas. At each antenna, information bits are processed
by a 2-D spread OFCDM with multi-code transmission, where
each sub-stream is further S/P converted into K streams,
corresponding to K data codes. For each code, data bits are
mapped to symbols and S/P converted into M/Ng symbol
streams, where M is the total number of sub-carriers. Using
the dedicated code, each data symbol is 2-D spread with

(b) 2-D Spreading

a factor of N = Np X Np. Assuming N = 4 x 2, an
example of 2-D spreading is shown in Fig.1(b). The data
symbol is firstly spread in the time domain, then duplicated
into N copies in the frequency domain and multiplied by
the frequency domain spreading code. In order to achieve
good frequency diversity gain, N interleaved sub-carriers are
employed instead of Nr consecutive sub-carriers. After 2-
D spreading, a code multiplexer is employed to combine the
signals spread by K different 2-D codes, realizing the multi-
code transmission. To provide high data rate, a full loaded
system with K = N is considered. At the same time, a
time-multiplexed pilot channel [12] is employed for channel
estimation. Known QPSK modulated pilot symbols are S/P
converted into M sub-streams and spread in the time domain
using OVSF codes with length Np. The spread pilot signals
pass through the time multiplexer with data signals, followed
by the IFFT block, guard interval insertion and the pulse
shaping filter. It should be noted that other pilot structures
can also be employed. For example, when different antennas
transmit pilot symbols over distinct sub-carriers, orthogonal
pilot channels among transmit antennas are realized in the
frequency domain within one single OFCDM symbol duration.
Then, channel information on each sub-carrier can be obtained
from the ML estimator or MMSE estimator [19]. Since the
proposed approach of deriving the optimal power ratio in Sec.
IV can be applied to different pilot structures and channel
estimation algorithms, the time multiplexed pilot structure is
employed as an example.

The resultant signal packet structure at each antenna is
shown in Fig.2. The packet structure is the same at all transmit
antennas, except that the pilot channels at different antennas
are spread with different OVSF codes, so that they can keep
orthogonal to each other in the code domain after passing
through a slow fading channel. In the time domain, the packet
starts with Np OFCDM symbols for pilot, followed by Np
symbols for data transmission. The duration of each OFCDM
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symbol is Ty = T, +T,, with T, and T, denoting the effective
OFCDM symbol duration and guard interval, respectively. In
the frequency domain, there are totally M sub-carriers and
pilot symbols are adopted at each sub-carrier. Finally, in the
code domain, only one time domain spreading code is used by
the pilot channel, while K 2-D codes are employed for data
transmission.

Accordingly, the transmitted signal at the p'" (0 < p <
nt — 1) antenna in one packet duration is given by (1), where
dpitot,p,m 1s the known pilot symbol on the mt sub-carrier
in the i*®» OFCDM symbol duration, Cg\l;}):,i is the ' chip
of the p*™ OVSF code with length Np on the code tree [8],
dp,i,m,k s the data symbol of the k™M code channel, Cim,k
stands for the 2-D spreading code chip, and f(t) is the rect-
angular pulse shaping filter. The powers of one data symbol

and one pilot symbol are set to E |dp’i7m’k\2} = P, and

E {\dpuot,p,m\Q = (P, respectively. Assume that a block
interleaver with depth N is used in the frequency domain.
It follows that the 0", (M/Npg)*™, ---, and (M — M/Np)*®
sub-carrier carry the same data symbol, the 15%, (M /Np+1)tt,
-+, and (M — M/Np + 1)*® sub-carrier carry another data
symbol, and so on. Meanwhile, in the time domain, the N};,h,
(Np + 1), -+, and (Np + Ny — 1)*® OFCDM symbols
carry the same data symbol, while the (Np + Np)t, ...,
and (Np + 2N7 — 1) OFCDM symbols carry another data
symbol, and so on.

B. Channel Model

Although the broadband MIMO-OFCDM system experi-
ences a highly frequency selective channel, the signal trans-
mitted on each sub-carrier experiences a flat fading channel.
Assuming a slow fading channel which is approximately fixed

in one packet duration, hgp » denotes the complex channel
fading on the m*™" sub-carrier from the pt" transmit antenna to
the ¢** receive antenna. The amplitude and phase of h,_,, ,, are

assumed to be Rayleigh distributed with P,;, = E {\hq%m \2}
and uniformly distributed in [0, 27), respectively. Furthermore,
the sub-carrier correlation coefficient in the frequency domain
between hg pm, and hq pm, i given by [20]

E {hgp.moMgp.m }

»P,™Mo " "q,p,m1

Pmo,m1 =
2 2
NN Ty
1
= - ) (2)
1+ (Af/Afe)
where (-)" stands for the conjugate operation, Af is the

frequency separation between the m§" and m'" sub-carriers

and Af. is the coherence bandwidth of the channel. For
different transmit or receive antennas, the channel fading is
assumed to be independent to each other.

III. JOINT ITERATIVE SIGNAL DETECTION
A. Channel Estimation

At the receiver, after FFT, the pilot signal (i € [0, Np —1])
on the 72" sub-carrier of the " antenna is given by

nyg—1
_ (p)
Ygim = E g pmdpitot pm CNpi Thgim > )
p=0

while the data signal (i € [Np, Np + Np — 1]) is given by

ne—1

K—1
Ygqim — E hg.pm E dpj,m,kci,m,k + Ngim )
p=0 k=0
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where Tg,i,m is the background noise term with zero mean
and variance o2. To obtain precise channel information, a
two-dimensional (2 D: time and frequency domains) average
channel estimation is employed [21]. Firstly, using the time
domain despreading, a preliminary estimation of the channel
on the 7*" sub-carrier from the *" transmit antenna to the g**
receive antenna is given by (5), where vg 5 m is the AWGN
noise with zero mean and variance

1
=B ) = — .
e ‘dpllotpm‘ N2
Np—1Np—1

Z Z 0552’;20 ]€P;l1 {77‘1 t0, mnqﬂum}
10=0 41=0
= o, /(BPaNp) , (6

where \dpilotj,mﬁ = [P, because of QPSK modulated pilot
symbols. The preliminary estimation E@@m can be further
smoothed in the frequency domain by exploiting the corre-
lation of channel fading among adjacent sub-carriers

~ w 1w _
hq,ﬁ,m = ( z Oéi) z Olih@a,m-i-i
i=—W i=—W
w 1w
= ( Z ai) Z Oéihq@m-u (7

i=—W i=—W

w - w
+ < > ai) > Vg g
i=—W i=—W
where g = 1 and oy = a_; for i = 1 ,W. The
performance of this 2-D average channel estimation algorithm
has been investigated in [21]. It was shown that in highly
frequency selective channels, a proper size for the frequency
domain averaging should be W = 1 and «a; should take a

W -1
value between 0.6 and 1.0. Letting a; = ( > ai) oy
i=—W
W

(_72 Oéi)_loéo -1,

the MSE of the channel estimation is g_i:/en by (8), where

2
P = E{lhapnl} B = 8% G and
Z()——Wllz—

w
> el

i=—W

for i = +1,--- ,£W and oy =

w

>

i=—W

-2

A =

B. Joint Iterative Detection

Without loss of generality, consider the data signals received
on the 0%, (M/Ng)™, ..., and (M — M/Np)t" sub-carriers
from the N to the (Np + Ny — 1)'" OFCDM symbol
duration, carrying the same unspread data symbol dfo 0%
(denoted as dﬁ— hereafter). The desired data is assumed to

be spread by a 2-D code of {C{),C)}. Then, the rest
(K — 1) 2-D codes are divided into two subsets: one set
including 2-D codes with the same time domain spreading
code C](\(,); but different frequency domain spreading codes,

, QF = {{C’](\?T, (kF)}Jk ;ék:}, and the other set
1nclud1ng 2-D codes with different time domain spreading
codes, i.e., Qr = {C%CTT ,C](f: }‘ kr # 0} [10]. 2-D codes
in different sub-sets ( Qg or Q7) have different contribution
to the MDI to the desired code {C’NT,C%CF)}. In highly
frequency selective channels, codes from Qp cause severe
MDI to the desired code because their orthogonality in the
frequency domain is distorted by the frequency selective
fading on sub-carriers. On the other hand, in a slow fading
channel, the orthogonality in the time domain between any
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codes from Q7 and the desired code is maintained. Thus, there
is no MDI from Q7. To keep the MDI small, the 2-D codes
with different time domain spreading codes should be assigned
for data transmission first [22]. Using this code partition, the
signal after time domain despreading is given by (9), where
K¢ (Ko < Ny —1) is the number of codes in Qr, and €4
is the noise term with zero mean and variance o2 / Nr. It can
be seen that the desired signal d;; 1. is corrupted by MTT in the
space domain generated by signals sending by other transmit
antennas, as well as MDI in the code domain generated by
signals radiated by the same antenna but on different 2-D
codes from Qp.

A joint iterative signal detection algorithm is proposed
for the MIMO-OFCDM system to recover the desired data
from the outputs of the time domain despreader. An example
with four transmit and receive antennas is shown in Fig.3.
It can be seen that the algorithm is composed of multi-loop
iterative detection in the space domain with multi-stage hybrid
detection in the frequency domain within each loop. In the
0" loop, ZF-SIC is employed in the space domain. At each
antenna, hybrid detection is used to further detect the data
symbol transmitted on each code. In later loops, since tentative
data decisions have been obtained in the previous loop, a MTI
cancellation can be carried out, after which the multi-code
signal at each transmit antenna can be collected by maximum
ratio combining (MRC). A detailed description of the joint

iterative detection is given as follows.
1) Operations in the O™ Loop: Define Zm =
T . .
(207 " s 2n,—1,m) as the time domain despreader

—=th

antennas on the m"" sub-carrier.

k T
’ kz dntflvkcg\b)r,m)
=0

outputs at the n, receive

) $< g0 b
Dy = (Z do,kCr g stands for
k=0

the ny; x 1 transmitted signal column vector. Hence, the time
domain despreader outputs can be rewritten in matrix form
as Zm = HmDmr + Na, where Hr = (hemo, -+, himn,—1)
represents the n, X n; channel matrix on the m m'™ sub-carrier,
himp = (hopams -+ s hm,—1.pm) " is am, X 1 channel vector,
and Npy = (€0msE1ms - +En,—1.m) IS a noise vector.
In the 0'" loop of the joint iterative detection, ZF-SIC is
employed in the space domain. The QR decomposition of the
estimated channel matrlx Hm is expressed as H# = Q# R,
where the element of H is given by (7), Qm is a n, X ng
orthogonal matrix and R is a ny X ny upper triangular
matrix. After multiplying Zzw with the hermitian transpose
of Qm, ie. Qm, the signal is given by

m = @%ZW = @% (ﬁm + Vm) Dy + @%Nm

e (10)
= RmDm + A,

where Viz = Hrr }AIW stands for the channel estimation error
and A = QH Vi D + Q%Nm is the total noise vector. The
covariance matrix of Ay can be obtained as

2
E{AmARY = {(Kc +1) Pyny - MSE), + ;—"} I,
T
— 0’1, (11)
where M SE), is the MSE of the channel estimation given by

(8) and I, i
triangular structure of Rm , the p*
expressed as

s the ng X n¢ 1dent1ty matnx Due to the upper
b element of Y;; can be

(k)
Y, dp kCNp 7 + 05
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=T ni—1m—14,, 1 5CNpmm + Tine—1,m,—1 g dny—1 — dny,—1,k,5-1 ) CNp 7 TOn—1,m (16)
k=0,k#k
residual MDI
* _
k
Eld _ ([~ _ Lo ( )
l(s) o ne—1,k ’ynt—l,ﬁJc - Pd rm,ntfl,ntflcNF,m o w(s) C( ) (17)
Y VE R ) 1 Ke (Moo=t 2 meobmem
— —_ S .
e (Ko +1)7 (Np/Np) 3 I
k=0 j=0 "
(s) o (s) Z —
ynt—lﬁ - l'm—Lﬁ% nt—l m, k w"t 1 "er nt—1,n¢—1 dntflvk
m=0,(M/Np),,(M—M/NF)
— Ko —
(%) (*) = n (k)
+ E Wny—1,mCNp mEne—1,m + E E Wny—1,mCNp,m! mne—1,ns—1 (dnrl,k - dntfl,k,sfl) CNp.m (18)
m M k=0,k#k
Noise residual MDI
ng—1 K¢ . —th . .
. . (k) carrier for the k& code is given by
+ E Tmm@E :d KkCNp (12) #
— k
p=p+1 k=0 L
Z(O) Pd rﬁ,mfl,ntflcNF,m
where Tm,i,; 1s the element on the i*" row and jth column n—Lmk NpPy - + o2
. m ng—1lng—1
of Ry, and Spm is the '™ element of the noise vector e
k
with zero mean and variance o2. It can be seen that =0 ( )7 (15)
nt—1m -"Np,m

for p = ny — 1, Yu,—1,m is free of MTI and can be
used to estimate the signals at the (n; — 1)th transmit
antenna. Let c_l'nt_LF = (dp,—1,0, " ,dnt_LKc)T and
Ns; = (6ni—1,05" " +One—1,M—n1/ny) denote the data
symbols carried by the Ko + 1 codes and the channel
noise on the N interleaved sub-carriers, respectively,

Hr = diag(To,n,—1,ne—1," " T(M=M/Np)mi—1mi—1)

be a Nr x Np diagonal matrix, and

Co — T T
F = ((00707"' 7CO7NF—1) y T >(CKC7O>"' >CKC7NF—1) )

represent the Ny x (K¢ + 1) OVSF code matrix. The

signals on the N interleaved sub-carriers at p = n; — 1,
. T
e, I'y,—1 = (ym,w, . 7’Ynt—17M—(M/NF)) , can then be
expressed as

Ip,-1 = HFCFJnt—LF + N (13)

A multi-stage hybrid MDI cancellation and MMSE detection
[10] is employed in the frequency domain to recover the data
symbols transmitted by the (n; —1)'" antenna. At the 0" stage
of hybrid detection, the input signal is processed directly by
a pure MMSE combining without MDI cancellation, whose
weighting matrix is given by

H H, 2.\ !
Lyvse = Py (HpCr) (PdHFCF(HFCF) +o I) (14)

Assuming a full-loaded MIMO-OFCDM system with K = N,
(14) can be simplified and the MMSE weight on the 7*® sub-

After the MMSE detection, tentative decisions obtained at the
0" stage are fed to a MDI regenerator. Then, at the 1 stage
of the hybrid detection, the regenerated MDI is subtracted
from the input signal. The resultant signal is further processed
by the MMSE, whose weights are updated stage by stage
due to the reduction of MDI at each stage. Similarly, new
data decisions are obtained at the 15* stage and are used to
regenerate the MDI for MDI cancellation in the next stage.
Denote dnt_l’ ks—1 a8 the tentative data decisions obtained
at the (s — 1) stage of hybrid detection, which is zero for
s = 0. Then, after the MDI cancellation at the stP stage, the
signal on the Eth code is given by (16). Moreover, on the
Mt sub-carrier, the MMSE weight at the s stage (s > 0)
can be expressed as (17). Note that the ensemble average

2] . . i
{|fy 7| } is estimated with time and code average
ny—1,m,k

[10]-[11], where fy( ) iR (7) stands for the j*" unspread

data signal in the time domain in one packet duration. Thus,
the decision variable for the data on the k& code after the
MMSE combining at the s*® stage is given by (18). Given
yns) T the data decisions at the s'" stage can be obtained as
ne—4,

d,, 1 k,s- When the multi-stage hybrid detection is completed,
the data transmitted on the (n; — 1) antenna are recovered
as )1 o ~ 353)_1%0. Then, the data at the (n; — 2)'0
transmit antenna can be recovered subsequently. As can be
seen from (12), after the QZ multiplication, the signal for
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K¢ ne—1
2 d (k) T
- nt—17kCNp7ﬁ Uni—1,qmn,—1,qm
_ q=0

from channel estimation error
ne—1

+ Z Eqm Q21

CNpm'tng—1,q,m nt_laqam

from residual MTI

from background noise

the (n; — 2)“(1 transmit antenna, 7n,—2m, is interfered by
data signals from the (n; — 1) transmit antenna. This MTI
can be regenerated by using C/l\ig)q,o ~ @2)—17 K- After MTI
cancellation, the resultant signal is further processed and the
data at the (n;—2)'" transmit antenna are recovered. Similarly,
the data at the 7' transmit antenna can be obtained given the
tentative data decisions at the (p+ 1) to (n; —1)*® transmit
antennas.

2) Operations in Later Loops: After the 0" loop, a set of
initial data decisions are obtained for all transmit antennas.
Since ZF-SIC is employed in the 0" loop, the performance
is limited by the signal quality of the first detected antenna,

e., the (n; — l)t]{1 antenna, whose space diversity order is
(n, — ny + 1). However, as shown in Fig.3, in later loops,
MTT cancellation is carried out to detect the signal transmit-
ted on the (n; — 1) antenna. Applying MRC combining,
the diversity order of the decision variable is increased to
nr, and the performance should be improved. To be more
specific, with the estimated channel information Hy; and the
tentative data decisions obtained in the O loop, i.e., c/l\(o)
forp=0,---,ny—2and k =0, , K¢, the MTI suffered
by the signal transmitted on the (n; — 1)*" antenna can be
regenerated as

MTI’r(ri)nt—l = Am,ntflﬁg)nt—l (19)
0 Ke k) 0 k T
where Dﬁn)ntfl - (2_: I)f g\fp me ’kz—: &\Ezt)—2k EVI):, ) ’

and ?Im,mfl is a n,. x (ny —1) channel matrix with the
(ny — 1)t column in fIm removed. Define D+ ns—1 as a
(ng —1) x 1 vector with the (n; —1)™ element in Dy
removed and me,l as a n, X (n; — 1) channel matrix
with the (n; — 1) column in Hz removed. After MTI
cancellation, the resultant signal is given by

7(1)

m,ne—1 T

=Z_— MTIY

m,ns—1

o]
= (Z dnt—17kcg\]f€3:7m> Eﬁfﬂt—l +Nﬁ
k=0

+F t—lD ﬁﬁmt—lﬁg?ntfl (20)

myng—1

residual MTI

where the first term contains the desired signal and the
third term is the residual MTI. Then the multi-code signal
transmitted on the (n; —1)™ antenna can be obtained af-
ter MRC as shown in (21), where hw -1 = Hm,mfl —
Vim,n,—1 18 the estimated channel vector, and Vi ., —1

(Vn,—1,07m, " " - >vnt—17nr—1,m)T is the channel estimation
error. It can be seen that the useful signal is corrupted
by the interferences from Vs ,,—1, the residual MTI, and

the background noise. Given :c?(n)n _1, the hybrid detection
can be employed in the frequency domain to recover the

data on each code of the (n; — 1) transmit antenna, i.e.,

dV) o~ dl
nyg—1 0 nt—1,Ko*

Generally speaking, with the new data decisions obtained in

the 15¢ loop for the (p+ 1)™ ~ (n; — 1)™ transmit antennas,
and the recovered data in the 0* loop for the 0*" ~ (p — 1)™
transmit antennas, the MTI suffered by the signal transmitted
from the ' antenna can be regenerated and canceled from
the received signal. After MRC and hybrid detection, new
decisions are produced for the data at the 7" transmit antenna.
The 1% loop of the joint iterative detection is completed as the
data symbols at the 0*"' transmit antenna are recovered. Then
the detected data of the 1% loop are fed to the next loop of
the joint iterative detection, where the signals are detected in
the same way as that of the 15 loop. This iterative operation
continues until a specified number of loops is reached.

For an L-loop joint iterative detection with S-stage hybrid
detection, the operation at the 0*" loop is composed of QR
decomposition, S-stage hybrid detection and ZF-SIC. Since
the QR decomposition of a n, X m; matrix is needed on
M -sub-carriers, the complexity is O (M nfnr) in terms of
the number of multiplications. As to the S-stage hybrid
detection carried out over every Np sub-carriers for each
transmit antenna, the complexity is given by O (MSKn;)
with M -sub-carriers and n; transmit antenna. Moreover, the
complexity of ZF-SIC is O (Mmnn,.). Generally, SK > n;.
Thus, the complexity of the 0" loop is dominated by that
of the QR decomposition and hybrid detection, given by
O (Mn?n, + MSKny). In later loops, the operation is com-
posed of MTI cancellation, MRC and S-stage hybrid detec-
tion. With M -sub-carriers, the complexity of MTI cancellation
and MRC is of the order of O (M nfnr) Using the complexity
of the S-stage hybrid detection derived before, the complex-
ity of later loops is O (Mnin, + MSKn;). Therefore, the
whole complexity of the L-loop joint iterative detection is
O (LMny (ngn, + SK)).

V. OPTIMAL POWER ALLOCATION

In practice, the total transmission power is limited and
should be suitably assigned to the data channels and the
pilot channel. If too little power is allocated to the pilots,
the channel estimation will be inaccurate and the system
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performance will degrade. On the other hand, if the data
channels have low power, they become vulnerable to channel
noise and the resultant system performance is also poor.
Assume that the transmission power at each antenna is fixed
and given by P,y = M NpKP; + M Np(P,, then different
power allocations are realized by changing the values of 3 and
P;. When QPSK modulation is employed, the average SNR
per bit at each receive antenna is defined as

SNR, — PchNPtot _PchNMPd(NDK+NP6)
® T 9KMNpo2 2KMNpo2
P, NPy Npp
- 1 22
20’% ( NDK ( )

The objective of the optimal power allocation is to find the (3
or 3/K that achieves the best system performance for a given
SNR.

Since the joint iterative detection is based on ZF-SIC, the
performance at the firstly detected antenna (or the (n; — 1)™
transmit antenna) plays an important role to the whole system
performance. The proposed optimal power allocation scheme
aims to provide the best performance at the (n; —1)*" antenna
after the 0" stage of hybrid detection (or pure MMSE) in the
0" loop. As described in Sec. II1, after multiplying by the QX
matrix, the resultant signal for the (n; — 1) antenna is free
of MTI. Then, pure MMSE detection is carried out to collect
the desired data from Np interleaved sub-carriers. Referring
to (13), the MSE covariance matrix is given by

PyCHHE.

Pyly, — P, _
dINF d{ (02Iny + PaHpCrCEHE) ™ HpCp

} (23)
whose diagonal elements stand for the MSE on each data code.
Assuming a full loaded MIMO-OFCDM system with K = N,
the diagonal elements are the same and given by

MSE =Py —
Np—1

P, Z
m=0

Since the total transmission power at each antenna P, is fixed
and P, varies with 3, the optimal power ratio is obtained by
minimizing the normalized MSE, i.e., MSFE/P,, or equiva-
lently, maximizing the term Py [P 1, —1,n,—1| /02 in (24) for

1\ -1
(NFHQ (Pa Fmn—1m 1) ) (24)

each m, where \?m,ntfl,mqﬁ follows a chi-square distribu-
tion of freedom 2 (n, —n; + 1) [17], with a mean given by

w -2 W w
(25), where Cy = | Y. oy oY o«
i=—W io=—W i1=—W

can be expected that the larger the mean E{ |7 —1,m0—1 \2 },

*
i0 ai] pi();il * It

the higher the probability that ’?mm_l,nt_l‘z can take
a big value. Thus, Pd-E{\?mm_l,nt_ﬂQ}/az is taken
as the objective function for the optimization instead of
Pd . ‘?m7nz—1,nt—1‘2/o'2'

First of all, 02 can be obtained from (11). Next, Py is related
to 3 by (see (22))

Py =2SNRyo?/(N + NBNp/(KNp)) (26)

Substituting (25), o2 and (26) into the objective function,
we obtain (27). (27) has a unique global maximum at
Bopt /K, which is the solution of the derivative equation

P (Pd E {\?mm_w_lﬁ}/a?) /a (8/K) = 0, given by

Bopt/ K = — (%)

(-2 - Gl - ()] o

where Asyg = 2SNRy(K/N)(Np/Np) and B/A =
AuNp/(AuNp +CyN3 - Agyg). As SNR;, approaches
infinity, B/A comes near to zero, and (28) can be simplified
to

lim

SNRy—+o0 IBOPt/K - \/AH (1 - BH/CH) ntND/ng" (29)

It can be seen from (28) that the derived [,,:/K only
depends on SNR and the properties of the channel estimation
represented by Ap, By and Cpy, the spatial efficiency n:/Np
and the time efficiency Np/Np. This is because the pilot
channels at different antennas are orthogonal to each other.
The channel estimation is free of MTI or MDI and only
corrupted by background noise. Moreover, [,,:/K increases
with SNR. When SNR is small, the system performance
is dominated by the channel noise. More power should be
allocated to data channels to combat the background noise.
As SNR increases, the effect of channel noise reduces and
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TABLE I
SYSTEM PARAMETERS

No. of transmit antennas n. 4

No. of receive antennas n, 4

Bandwidth 100MHz

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

OFCDM symbol duration | 12.5us = 10.24 + 2.26

Ts =Te + Ty

Packet length (Ts - (Np + | 0.65ms (12.5us - (44 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 Ng =4 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, 2-D averaging chan-
nel estimation (W =1, ag = 1,
a—_1 =a1 =0.8)

Channel Estimation

Signal Detection 4-Loop joint iterative detection

with 2-stage hybrid detection

the channel estimation error plays a more important role
in determining the system performance. Thus, more power
is allocated to the pilot channel to obtain accurate channel
information. When SNR is sufficiently large, as shown in (29),
Bopt /K is decided by the properties of the channel estimation
and system parameters n;, Np, and Np.

It can also be seen that the derived B¢ /K is not related to
the number of receiving antennas n,. or the frequency domain
spreading factor N since n, and Ny have no influence
on the channel estimation quality or the amount of channel
noise experienced by data channels. However, the system
performance improves as n,, and N increase due to the larger
space and frequency domain diversity, respectively. Moreover,
the derived (,,;/K aims to provide the best performance at
the (n; — 1)'" antenna after the 0" stage of hybrid detection
(or pure MMSE) in the 0'" loop. Yet using the joint iterative
detection, the whole system performance is much better than
that in the 0'" loop. So the system is more robust to the
background noise than that with MMSE detection and more
power than that indicated by (28) should be allocated to the
pilot channel, especially at low SNR. Hence, (28) provides
a lower bound for the [(,,;/K achieving the best system
performance. On the other hand, by ignoring the effect of
background noise, (29) is an upper bound for the 8, /K. In
fact, as verified in the next section, (29) provides an accurate
estimation for the (,,,/K with various system conditions.

V. PERFORMANCE EVALUATION

The configuration of the MIMO-OFCDM system is shown
in Table I. Using these parameters, the total number of infor-
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Fig. 4. Verification of the optimal power ratio with different Np

mation bits transmitted in one packet is 2M - Np-K/N = 10°.
Given Af,., the correlated Rayleigh fading channels can be
generated according to [23]. When evaluating the quality of
channel estimation, the parameters Ay, By and Cp are
calculated as Ay = 0.34 , By = 7.42¢ — 5 and Cyg = 0.99.
Thus, the power ratio between the pilot channel and all data
channels can be obtained from (29) as /K = 2.02. All
simulation results are obtained after at least 1000 bit errors
are collected.

A. Verify Derived Optimal Power Ratio

First of all, the derived optimal power ratio (see (29))
is verified by simulation results. Given n; = n, = 4 and
Np + Np = 52, the average BER of the recovered symbols
at four transmit antennas is shown in Fig.4 as a function of
B/ K with different number of pilot symbols Np. In general,
it can be seen that when 3/K is small, the pilot channel
has small power and the channel estimation quality is poor.
Thus, the system performance is poor and the average BER
is high. When (/K increases, the BER reduces as the quality
of channel estimation improves. The BER reaches a minimum
value for a particular value of 3/K. Further increasing 3/K
beyond that value increases BER due to too little power
assigned to data channels. With Np = 32, 16, 8§, and 4,
the minimum average BER is achieved when §/K is around
0.15, 0.45, 1.0 and 2.0, respectively. Correspondingly, using
(29), the analytical optimal power ratios can be calculated as
0.16, 0.44, 0.97 and 2.02, respectively, which match well with
the simulations. Moreover, given Np = 4, simulation results
are also shown for the system using the channel estimation
algorithm with W = 0 and only time domain averaging is
used. In this case, Ay = 1.0, By = 0, Cyg = 1.0, and the
derived B,y /K = 3.46. Again, the analytical result coincides
with the simulations. It can be seen that the optimal power
ratio decreases from 3.5 to 2.0 when W increases from zero
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to one. Because the channel estimation is more accurate with
2-D averaging (W = 1) than that with only time averaging
(W = 0), the system performance is improved and less power
is needed on the pilot channel. Furthermore, using W = 1,
the system is more robust to the changes in 3/K since near
optimum performance can be achieved when (/K varies
between 1.0 and 7.0. Therefore, the 2-D averaging channel
estimation is preferred to the time averaging one not only due
to better system performance but also due to the increased
robustness to the changes in /K. Moreover, although the
analytical optimal power ratio is derived by minimizing the
MSE on the (n; — 1)*® antenna after the 0'" stage of hybrid
detection in the 0" loop, it turns out that after 4-loop joint
iterative detection, low BERs are achieved for all antennas as
well.

Next, given Np = 4 and n, = 4, the average BER is
shown in Fig.5 as a function of 3/K with different Np and
ng. First of all, it can be seen that the system performance is
greatly enhanced when N increases from 1 to 8 and 16 due to
the increased frequency diversity gain. But the near optimum
performance is always achieved when (/K takes values
around 2.0 and matches with the analysis. On the other hand,
when SN R, = 5dB, n; = 2 and n,. = 4, the system obtains
a receive diversity gain and achieves the best performance
when (/K is around 1.5. Using (28) and (29), the Bop/K
can be calculated as 1.35 and 1.43, respectively, both matching
with the simulation. Considering the increased robustness to
channel noise due to the receive diversity gain, more power
than that indicated by (28) should be allocated to the pilot
channel. Thus, (29) is a more appropriate estimation for the
Bopt/K . In summary, it has been verified that the (/K
obtained from (29) works well for the system with various
frequency diversity or receive diversity gain. Moreover, it
is also illustrated in Fig.6 that the derived B,y /K matches
with the simulations with different system parameters such as
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Fig. 6. Verification of the optimal power ratio with other system parameters

SNR, sub-carrier correlations and number of stages in the joint
iterative detection.

In summary, the simulation is consistent with (29) that the
optimal power ratio is mainly determined by the quality of
channel estimation, while SNR, diversity gains, sub-carrier
correlations and detection algorithms have little effect on the
value of B,p:/K. The derived optimal power ratio (29) is
shown to be accurate with various system configurations and
channel conditions. In the rest of the paper, n; and Np are
fixed to 4 and /K is set to 2.0 which is a near optimum
power ratio.

B. Performance of Joint Iterative Detection

Given SNR, = 12dB and N = 4 x 16, the effect of the
number of loops in the joint iterative detection is investigated
in Fig.7. As a comparison, the BER of the OFCDM system
with single antenna (SISO-OFCDM) is also plotted, where
only the hybrid detection can be employed to exploit the
frequency domain diversity and there is no space diversity.
Similarly, the BER of the MIMO-OFCDM system without
frequency domain spreading (i.e., Ng 1) is also shown,
where only the iterative detection in the space domain can be
employed and there is no frequency diversity. It can be seen
that for SISO-OFCDM or the MIMO-OFCDM with Np = 1,
the iterative detection can improve the system performance,
but the improvement is limited. However, when the joint
iterative detection is employed in the MIMO-OFCDM with
N =4 x 16, the performance is enhanced significantly when
the number of loops increases. This is due to the fact that using
the proposed detection, the MIMO-OFCDM can jointly exploit
the diversity gains in both space and frequency domains. A
second observation is that from the 0" to 1% loop in the
joint iterative detection, the BER reduction is significant. The
improvement in BER between the 15¢ loop and 2°¢ loop is
also considerable. However, the improvement is insignificant
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Fig. 7. Effect of number of loops in joint iterative detection

beyond the 4*" loop. Finally, it can also be seen that the BER
differences among the four antennas reduce as the number of
loops increases. The reason is that in the 0" loop, ZF-SIC
is employed in the space domain which provides no space
diversity gain for the (n; — 1)'" antenna while later detected
antennas can obtain greater space diversity. Therefore, the
BER at the 0" antenna is much lower than that at the
(ng — 1)th antenna. However, in later loops, MTI cancellation
and MRC are carried out in the space domain. In this case,
signals at all antennas achieve similar space diversity gain and
the BERs on all antennas are therefore close to each other. As
a conclusion, for the MIMO-OFCDM, a 4-loop joint iterative
detection with 2-stage hybrid detection is sufficient to provide
good performance.

The performance of MIMO-OFCDM is illustrated in Fig.8
as a function of SNR. The average BER on four transmitting
antennas is shown for each loop. It is shown that the BER
improves as the number of loops increases, especially at larger
SNR. The BER gap between the 0" and 1% loop is consid-
erable, while for later loops, the performance improvement
reduces. This is consistent with that in Fig.7.

Fig.9 illustrates the effect of sub-carrier correlation po n,
on the BER performance, where Ng = M/Npg and po v,
is the correlation between adjacent sub-carriers carrying the
same data symbol. Given a system bandwidth, the number of
sub-carriers M and spreading scheme N = Np X Np, the
correlation coefficient pg n, varies with channel coherence
bandwidth Af.. It can be seen that when pg n, is very low,
e.g., less than 0.1, the BER is high. The reason is that the
system employs a 2-D averaging channel estimation algorithm
with W =1 and a—; = a3 = 0.8, which become inappro-
priate for an extremely frequency selective channel with very
low po,n,. When pg v, increases, the BER reduces as better
channel estimation is obtained. As a comparison, the BER
with W = 0 is also shown for the 4*" loop. It can be seen that
without frequency domain averaging, the channel estimation
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quality is not affected by the sub-carrier correlation and the
system performance keeps stable at low pg n,. Although the
2-D average channel estimation with fixed parameters is not as
good as the one with only time domain averaging at low po v,
it works well for most correlation conditions. On the other
hand, when py n, increases further, the frequency diversity
gain obtained from the frequency domain spreading decreases,
resulting in a degraded BER. However, the BER degradation
is negligible for pg v, < 0.7.

Finally, the performance of MIMO-OFCDM is shown in
Fig.10 as a function of the frequency domain spreading
factor Np. When Ny increases, the performance of MIMO-
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OFCDM improves. Since the system load K /N is fixed, the
performance enhancement resulted from a larger N is not
due to the spreading gain, but due to the increased spatial and
frequency diversity gain. In the 0" loop, the BER is flat and
the improvement is minimal because the system performance
is limited by the (n; — 1) antenna which has no space
diversity gain. However, in later loops, there is significant
performance improvement when Np increases since each
antenna can benefit from both space and frequency diversity.
When Np becomes larger, the tentative data decisions in
previous loops are more precise, and the MTI is regenerated
with higher accuracy. After MTI cancellation and MRC com-
bining, more space diversity gain can be obtained. Meanwhile,
when Np increases, the frequency spacing between the sub-
carriers carrying the same data symbol is decreased and the
corresponding correlation pg n, is increased. Given a fixed
coherence bandwidth of Af. = 1MHz, when Np increases
from 1 to 64, po n increases from 0.0 to 0.54. However,
as illustrated in Fig.9, only when the sub-carrier correlation
is larger than 0.7, the degradation in BER performance will
be obvious. Therefore, as a whole, the system performance
improves when N increases from 1 to 64. However, it can be
expected that the improvement in system performance would
become marginal if Ny increases further.

VI. CONCLUSION

A joint iterative detection algorithm has been proposed
for the MIMO-OFCDM system in this paper. A close form
expression has been derived for the optimal power ratio
(Bopt/K) to achieve the best system performance. It has
been shown that (,,,/K is mainly decided by the channel
estimation algorithm, the number of transmit antennas as well
as the number of pilot and data symbols in a packet, while
it is not sensitive to the changes in SNR and diversity gains.
The system performance has been investigated extensively by
simulations. Under various channel conditions, the proposed
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joint iterative detection algorithm significantly enhances the
system performance by jointly exploiting the space and fre-
quency diversity gains. Considerable improvement in BER
could be obtained when the number of loops increases but with
diminishing returns. The system performance also improves
significantly as the frequency domain spreading factor, N,
increases.
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