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ABSTRACT

The performance of MC-CDMA is limited by multiple ac-
cess interference (MAI). To mitigate this problem, equal
BER power control (PC) was proposed for MMSE-SIC re-
ceiver, which provides a powerful solution for MAI sup-
pression [1], wherein, the power distribution on different
users was derived under the assumption of perfect channel
state information (CSI) at the receiver. In practice, CSI is
obtained from channel estimation, in which errors are in-
evitable. Therefore, the analysis of the robustness of the
MMSE-SIC with the equal BER PC to channel estimation
errors (CEE) is of great importance. In this paper, a method
of second-order approximation is applied to estimate the
mean excess MSE (MEMSE) of different users in a given
decision order. The accuracy of the approximation is con-
firmed by simulation results. Furthermore, it is interesting
to find out that the MMSE-SIC receiver with the equal BER
PC presents significant robustness to CEE.

1. INTRODUCTION

Due to the robustness to frequency-selective fading and flexibility
of handling multiple data rates, MC-CDMA has become a promis-
ing candidate for future wireless multimedia communications [2].
However, its performance is limited by multiple access interfer-
ence (MAI). To mitigate this problem, equal BER power control
(PC) algorithm was proposed for MMSE-SIC receiver, which sup-
presses MALI effectively, resulting in a performance of a fully-
loaded system close to the single user bound (SUB) [1]. The power
distribution for different users was derived under the assumption of
perfect channel state information (CSI) at the receiver. In practise,
CSI is obtained from estimation, thus, channel estimation errors
(CEE) are inevitable. Therefore, it is very important to analyze of
the robustness of the MMSE-SIC with the equal BER PC to CEE.

In this paper, a method of second-order approximation is ap-
plied to estimate the mean excess MSE (MEMSE) of different
users in a given decision order [3]. A simple expression of the
approximate MEMSE is obtained and its accuracy is confirmed by
simulation results. Moreover, it is found that under small CEE, the
equal BER PC still benefits MMSE-SIC, making it robust to CEE.
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2. MMSE-SIC WITH EQUAL BER PC

In quasi-synchronous uplink MC-CDMA, we assume total N sub-
carriers and K active users. The k'" user is assigned with a spread-
ing code c; of length N.' We consider a frequency-selective
Rayleigh fading channel with correlated fading across sub-carriers.
By using a cyclic prefix of proper length, flat fading can be ob-
tained over each sub-carrier. With the assumption of invariant
channel response during each OFDM symbol interval, the chan-
nel for the k" user, can be represented by an (N x 1) vector,
hy, = [hr1, he2, -, hien]” , where each element is a complex
Gaussian random variable with unit variance.

At the receiver, the output of the DFT during the i** OFDM
symbol interval can be expressed in a compact matrix form as

x (i) = Hb (i) + 1 (i). (1)

In(1),H =C-A, where C = [h1 ®ci,ha®co, -+ Jhg © CK]
denotes the channel-modified spreading code matrix (® denotes
element-wise multiplication) and A = diag (a1, a2, - ,ax) is
a diagonal matrix containing the transmit amplitudes of all users;
b (i) = [b1 (i),b2 (i) ,--- ,bx (i)]" contains all users’ transmit-
ted symbols, which are assumed BPSK modulated with normal-
ized power; The (N x 1) white Gaussian noise vector 7 () has
zero mean and covariance matrix o2, where Iy denotes an
N x N identity matrix.

The MMSE-SIC can be performed using Cholesky factoriza-
tion (CF) of the positive definite matrix R, = Re+02A 2,
where R.=C* C. The CF results in R,,= I'* DT, with T" up-
per triangular and monic (having all ones along the diagonal) and
D? = diag (d%, dZ, -, d?‘() , having all positive elements on its
diagonal.

By assuming perfect SIC (no error propagations), to achieve
equal BER after SIC for different users, the power allocation a?
was derived in [1], which can be expressed in a successive form as

A—o2
it = (k=1
ai: LT (k:277K) ’

k—1 2 -2
Tk,k*z_jzllﬁ’j,kl aj A

where A £ a2d?, r1. x and 7, denotes the (k, k)" and (5, k)™
element of R. and T', respectively. With perfect CSL, R.. is com-
pletely known, while ~y; ,, can be solved successively.

Since a3 € [0,400) (k =1,2,--- , K) are proved to be mono-
tonically increasing with A € [0, +00), then under a short-term

I'The spreading codes are assumed linear independent, i.e., K < N.
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power constraint P € (0,400), by using a simple search algo-
rithm, a unique power distribution a®f = [a?r, aéT, R a%} can
be found, which satisfies P = % Z,{;l aiT. With error-free feed-
back of the calculated power allocation from the receiver to the
transmitter, the k*" user will transmit with power aiT, which ben-
efits SIC significantly.

3. MMSE UNDER PERFECT CSI

In this section, the expression of the MMSE under the perfect CSI
will be first introduced. With the assumption of perfect cancella-
tion, under SIC, the decision error of the k' user can be expressed

EIS2

K—k

€L bk - (W,I?X_ Z fKi+1bKi+1>
=1

= £b-wix. 3)

. A H 3
In the above equation, Wi 2 [wg 1, W2, - ,wkn]" and f 2

[Oa_l) w1, B } " represent the feedforward and feedback vectors
of the k" user, with fy = [1, fry1, -, fx]™ and 0, denot-
ing an (m x n) zero matrix. The MSE of the k'™ user can be
expressed as

MSE;, £ Elex- €]
= f7Runfi — £ Rpxws
—wi Rawfi + Wi R Wi, 4)

where Rob = E [b-b"”] = Ik, Rex = E[b-x"] = H",
R.b = E [x-b"| = R}, and Rxx = E [x - x"] = HH" +
O'ELIK.

To minimize the MISE, the optimal forward and feedback
vectors are [4]

Wi,o = Rt R i o )
and »
Ak Uk
fro = 2T — (6)
u;, RA,kuk
H
where Ra x = O(k —kt1)x (k1) R Ok —k+1)x(k—1)
’ Ik k11 | PP

with R = Rpb — Rox Rl Rub and ui = [1,07_,,]" . The
resulting MMSE of the k™" user can be expressed as
1

MMSE; = 7/ Rfi.o = fi.Ra xfro = ———
k k, k, koA k1K, ufRZ}kuk

0

with o 2 [0y, £7,]7 .

4. MEAN EXCESS MSE (MEMSE) UNDER CEE

4.1. Excess MSE (EMSE) under a given channel realization
with a certain CEE

After a certain channel estimation procedure, estimates ﬁk can be
obtained for the k’z‘ user. Then, the CEE of the k" user is de-
noted as Ahy, £ hy — hy with the assumption of || Ahgll, <

2Notice that the symbol with larger index will be detected earlier. Also,
for simplicity, the time index ¢ is omitted.

|hel|, (k=1,2,---, K). Under CEE, the “equal BER” power
distribution results in a distribution AT, different from AT, that
is used under the perfect CSI. Thus, H2C. AT, where C =
[}An ®cy, - JAlK ®ck|and Al = diag (6176; e ,5}() with
Ei,t = a,t + Aar (Aay, denotes the amplitude difference for the
k'™ user.) By defining AH 2 H — ', it is clear that AH, ; =
a:-er,iAhj,i—‘y-AaiCj’ihj,i (’L =1, 27 ce. ,N andj = 17 2, s 7I().

In this case, the resulting “optimal” feedforward and feedback
vectors can be expressed as

~

a’k,o = ﬁ;iﬁbek,o (8)
and o
~ R, u
foo= —at ™ ©
u;, RA,kuk
where
ﬁxx = 'H')‘A{H + O'iIK
~ HH" + o2Ix+HAHT + AHHY,  (10)
Rxx ARxx
Rox = HY
HE + AHT an
—~ =
Rpx ARpx
ﬁxb = ﬁ{){x (12)
and

O(k—1)x (K —k+1)
K—k+1
(1

with R=Rppb — RibxRi Rxp. Similarly, by defining Ra , =
Ra,x + ARa,x and R = R + AR and using the well-known
first-order expansion

(X+AX) ' X' - XTTAXX Y, (14)

Ray = [0k —kt1)x (k—1)> LK k1] R

(95}
~

it can be shown that

O(k—1)x (K—k+1)
Ik kst

(15)

ARA k= [0k —kt1)x(h—1)s Ix—k+1] AR

with
AR= — RpxRJAHR - RAH"R!Rxb.  (16)
Assuming perfect SIC, then under given CEE, the MSE of the
k" user can be expressed as
— ~H = ~H
MSE; = fi ,Rbbfro — i oRbxWe,o
— Wi Rubfio + Wi oRoxWi o, (17)
With the assumption of small CEE, by defining the first-order per-
turbations as Awy, , = W, — Wi, and Af;w = fk,o —fk,o, the
MSE;y, can be approximated as [3]

1\//IS\E;C ~ MMSE, + first-order error terms

+| A, Awl, }A{ A } (18)

Wk o

sec ond-order error term
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_ R —Rux
where A = { “R. R
order error terms” is identically zero due to the optimality of the
point wg O,Ef,) . Therefore, the excess MSE (EMSE) under
CEE can be estimated by the second-order error term (SOT), which

is termed as a second-order approximation [3]. With mathematical
manipulations, the SOT of the k" user, can be expressed as

. In equation (18), the “first-

SoT, = (EifoAbe - w;ﬁ’,DARxx) R, -
(AR, — ARocwi)

+flfoARA,kRZ,1kARA,kfk,o
flfoARA,kfk,o

MMSE, (19

With the above equation, the EMSE of the k** user under a
given channel realization and a certain small CEE can be approxi-
mated by SOT,.

4.2. MEMSE under a given channel realization

To derive a close form of the MEMSE (i.e., averaged over all CEE)
under a given channel realization, a similar mathematical manipu-
lation is used as proposed in [3].

H
By defining Ah £ [[AH]{I JAaH)E [AH]%] , where

[AH]; denotes the 4" column of AH, the covariance matrix of
Al can be expressed as

Ray = E [AhAhH] . (20)

If a matrix Sy, could be found, which satisfies the following equa-
tion

SOT}, = Ah S, Ap = tr (AhHSkAh) 7 @)
then, using the well-known property 7r (AB) = Tr(BA), the

following relationship between the MEMSE and Ry can be con-
structed, which is given by

E[SOT] = Eay [tr (AbHskAb)] =Tr (SkRay). (22)
To solve Sy, a new matrix Wi, ,, is introduced, which satisfies
wil ,AH =AY Wi . (23)

It can be shown that Wy, is a (KN x K') matrix, which is given
by

WZ,D Onx1 - Onx1
Onx1 Wi, -+ Ownx1
Wio = . . . . . (24)
Onx1 Onx1 -+ Wiy,
Also, by defining
8ho = [GkotsGko2 " s Grok]
A S H
2 fro—H Wi, (25)
it can be shown that B
8k,0 = Rik,o0. (26)

MEMSE vs. Eb/NO for the 8th User

— The
* n errors
o

MEMSE

EbINO (dB)

Fig. 1. MEMSE versus Ej, /Ny of the 8" user.

Similarly, another (KN x K) matrix Gi,, can be constructed,
which satisfies the following relationship

gl AH = Ah" Gy, 27)

where, the j'* column of Gy, can be expressed as [Gr o]

J

[Oafl)xla gk,07170?N—1)><17 gk,ﬂ«,Q,O(TNfl)xlv © 5 9k,0,K,
TH
O(ij)xl]

By using W, and G, and previous obtained results, the
MEMSE, under a given channel realization, can be expressed as:®

MEMSE;, 5, = T (Sx-Rap) . (28)
In the above equation, Sy, 2 ¥ R U + 0,20 — ﬁgm,
in which U1 = Gy o — Wx o H™, U = Wi ,R—Gr o R Rxb,

[1

O(k—1)x (K —k+1) -1
Th xir Rk [0 —k41)x (k-1 T 4] and

\IIS = 4Wk,ogk,og£{owlfg-

4.3. MEMSE averaged of all channel realizations

With equation (28), the MEMSE averaged over all channel real-
izations can be calculated as

MEMSEk = EH [Tr (Sk'RAb )] . (29)

In equation (29), Ray is difficult to know in advance, since the
statistic property of Aay (k=1,2,---,K) is hard to estimate
due to the nonlinear calculation. However, as it will be shown
later from the simulation results that under small CEE, Aay could
be assumed negligible.

Therefore, Ry depends mainly on CEE and the power distri-
bution (AT) ?, derived under the perfect CSL. With the assumption
of i.i.d CEE among different users and sub-carriers, Rap can be
expressed as

Rap ~ %ai (IN ® (AT)2) , (30)

where o2 denotes the variance of CEE and ® denotes the Kro-
necker product. Therefore, the MEMSE, for the k" user, averaged

3Notice although the final results are similar as obtained in [3], the
formats of matrices are quite different due to the different problems.
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MEMSE of Different Users (Eb/NO=10dB)

MEMSE

Fig. 2. MEMSE of different users (Ep /No = 10dB).

over all channel realizations, can be simplified as
MEMSE; ~ <02 By |Tr (Si- (Iv <A ) . 31

5. SIMULATION RESULTS AND DISCUSSIONS

An Indoor Rayleigh fading channel model, with total bandwidth
100MHz and RMS delay spread 25ns is considered. The num-
ber of sub-carriers IV is chosen to be 16 and a fully-loaded MC-
CDMA system with K = 16 is considered for all simulations.
Orthogonal Walsh-Hadamard codes are used as spreading codes.

A CEE model described in [5] is employed for simulations, by
which, the CEE among different users and sub-carriers are i.i.d..
The variance of the CEE on each sub-carrier depends on the SNR
of the pilot symbols and the ICI caused by frequency offset.

In Figure 1, the MEMSE (averaged over 100 channel realiza-
tions) versus Fj, /No for the 8" user is shown. Under each channel
realization, 100 random CEE are produced and the results are av-
eraged over all CEE. From this figure, it is clear that the theoretical
derivation (equation (31)) matches the simulation result with per-
fect SIC very well, particularly in higher Ey/No. Therefore, the
amplitude difference Aay, caused by CEE does not contribute sig-
nificant MEMSE, which confirms the assumption of ignoring it.
The actual simulation result with cancellation errors is also plotted
for comparison, from which, it is clear that for the 8" user, un-
der the equal BER PC, cancellation errors cause only slight extra
MEMSE at low E /No .

In Figure 2, the MEMSE of different users is shown under
E,/No = 10dB. From this figure, the accuracy of the second-
order approximation is again confirmed. Also, it is very interesting
to find that under the “equal BER” PC, earlier detected user (larger
index) have smaller MEMSE than later detected ones (smaller in-
dex), therefore, the earlier detected users have a higher reliability
than the later detected ones, which can still benefit SIC. The can-
cellation error propagation among different users can also be seen
very clearly from this figure. For the later detected users, more
cancellation errors result in higher additional MEMSE.

In Figure 3, the average BER performance over 16 users under
CEE is compared with that under the perfect CSI by actual simu-
lations. From this figure, it is clear that the performances of the
MMSE-SIC with the equal BER PC or equal received power will

BER Performance of MMSE-SIC with Equal BER PDC under CEE

12 14
EDINO (dB)

Fig. 3. Average BER performance over 16 users of the MMSE-SIC
under CEE.

both be degraded under CEE. However, under CEE, the MMSE-
SIC with the equal BER PC still retains a significant performance
advantage over the MMSE-SIC with the equal received power. For
example, at a BER of 103, the performance advantage is around
4dB, which is even slightly better than the 3.5dB, obtained under
the perfect CSI. Therefore, from these observations, it can be con-
cluded that the equal BER PC makes the MMSE-SIC more robust
to CEE.

6. CONCLUSIONS

In this paper, the effects of CEE on the performance of the MMSE-
SIC with the equal BER PC is investigated. By applying a method
of second-order approximation, the MEMSE can be derived for
different users, under a given decision order and power allocation.
Under the assumption of ignoring cancellation errors, the accuracy
of the approximation is confirmed by simulation results. Further-
more, it is very interesting to find out that under small CEE, the
equal BER PC can still benefit MMSE-SIC, making it more robust
to CEE than the equal received power. Therefore, the MMSE-SIC
with the equal BER PC provides a very powerful solution for MAI
suppression in a practical MC-CDMA system.
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