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Abstract—A new multiuser orthogonal frequency division mul-
tiplexing (OFDM) transceiver with preceding, called the precoded
multiuser OFDM (PMU-OFDM) system, was recently introduced
by Tsai et al. (2005). The PMU-OFDM system can reduce multiac-
cess interference (MAI) due to the carrier frequency offset (CFO)
to a negligible amount by preceding the data of each user with
a codeword selected from either even or odd Hadamard-Walsh
codes. The performance of the PMU-OFDM system in a mobile
environment, where the channel response varies within one OFDM
symbol due to the Doppler effect, is evaluated in this paper. It
is shown by analysis and simulation that the use of even or odd
Hadamard-Walsh codewords can greatly reduce the MAI effect
due to the Doppler effect as well. Generally, all Hadamard-Walsh
codewords except for the all-one codeword result in consider-
able suppression of intercarrier interference (ICI) induced by
the Doppler effect. Furthermore, we discuss codeword priority
schemes to minimize ICI as much as possible. Finally, simulations
results are given to demonstrate the advantage of PMU-OFDM
over OFDMA with a codeword priority scheme in the Doppler
environment. We show that the PMU-OFDM system with odd
Hadamard-Walsh codewords outperforms a half-loaded OFDMA
system in a mobile environment.

Index Terms—Carrier frequency offset (CFO), Doppler effect,
fast fading, multiaccess interference (MAI), multiuser orthogonal
frequency division multiplexing (OFDM), precoding, precoded
multiuser OFDM (PMU-OFDM), time varying.

1. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)
provides a promising technique for high data rate trans-
mission applications, since an OFDM system can combat the
intersymbol interference (ISI) effect due to frequency-selective
fading with a simple transceiver structure [2], [4]. OFDM
has been used in wireless applications such as wireless local
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area network standards (i.e., the IEEE 802.11 family) and the
metropolitan area network standards (i.e., the IEEE 802.16
family). OFDM converts a frequency-selective fading channel
into IV parallel flat fading channels by transmitting a block of
N information symbols in parallel on N subcarriers. Through
a careful design, a broadband channel can be efficiently shared
by overlapping subchannels that have the minimum frequency
separation required to maintain orthogonality while the fading
effect can be mitigated by N one-tap equalizers in the receiver.
To mitigate effects of ISI and intercarrier interference (ICI)
caused by the delay spread, each OFDM block is preceded by a
cyclic prefix (CP) whose length is at least equal to the channel
length.

Historically, OFDM has been designed for applications with
little mobility. However, mobile OFDM technology has recently
attracted a lot of attention for three reasons. First, it is desirable
to provide high-quality broadband services in a mobile environ-
ment when we consider the next generation wireless communi-
cation system. Second, emerging wireless communication sys-
tems are expected to lie in higher spectral bands so that they
are more sensitive to the physical movement of users and their
surroundings. Third, more subchannels are needed to enhance
OFDM bandwidth efficiency, which implies the use of a longer
OFDM block. Then, the effective channel variation rate over one
OFDM block increases.

Multiuser OFDM systems have been developed to meet the
need of wireless multiaccess, including time division multi-
access OFDM (TDMA-OFDM), multicarrier code division
multiple access (MC-CDMA) [8], and orthogonal frequency
division multiple access (OFDMA) [10]. MC-CDMA inherits
the ISI-resilient property from OFDM. However, its capacity
is limited by multiaccess interference (MAI) in frequency-se-
lective fading channels. OFDMA has been adopted by the
IEEE 802.16¢ standard, also known as WiMax. In OFDMA, a
subset of subcarriers is assigned to each user. The division of
subcarriers among users is usually called frequency division
multiple access (FDMA) [12]. To mitigate the frequency-selec-
tive fading effect for each user, subcarriers assigned to a user
can be spread across the spectrum [12]. OFDMA is MAI-free
when time and frequency are perfectly synchronized. However,
it is sensitive to the carrier frequency offset (CFO) and the
Doppler spread, which are common in time-varying channels.
The mismatch of oscillators in the transceiver or the rapid
variation of the channel over one OFDM symbol destroys the
orthogonality among subcarriers, and results in ICI and MAI in
multiuser OFDM systems.

Since ICI degrades the performance of OFDM systems,
its suppression has been intensively studied. Time domain
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Fig. 1 Block diagram of the PMU-OFDM system.

equalizers designed based on the criterion of minimum mean
squared errors (MMSE) were proposed to mitigate ICI in
[15]. Lower complexity MMSE-based equalization techniques
were considered in [3] and [17]. In [18] and [23], each data
symbol is mapped into a group of subcarriers with predefined
coefficients so that ICI among subcarriers within each group
can be cancelled.

Furthermore, a time-varying channel during an OFDM block
of an user degrades the performance of this user and induces
MALI for others. There is little work on MAI suppression caused
by the Doppler spread in MC-CDMA or OFDMA. Without effi-
cient MAI suppression in a mobile environment, one may resort
to a more complicated multiuser detection (MUD) technique for
symbol detection, whose computational complexity increases
exponentially with the number of active users [22]. Thus, a mul-
tiuser OFDM system that is robust to the Doppler spread effect
is very desirable.

A new multiuser OFDM transceiver, called the precoded mul-
tiuser OFDM (PMU-OFDM), was introduced and analyzed in
[19]. The PMU-OFDM system has three interesting properties.
First, when the number of parallel transmit symbols N is suf-
ficiently large, it is approximately MAI-free. Second, PMU-
OFDM is robust to time asynchronism. Hence, low-complexity
Hadamard—Walsh codes can be used in uplink transmission.
Third, PMU-OFDM is approximately MAI-free in the presence
of CFO due to the mismatch of oscillators in the transceiver
using even or odd Hadamard—Walsh codewords.

In this paper, we will investigate the performance of
PMU-OFDM in the presence of time-varying channels. We will
prove that PMU-OFDM reduces MAI due to the Doppler spread
to a negligible amount with even or odd Hadamard—Walsh code-
words. We will also show that PMU-OFDM employing a subset
of the Hadamard—Walsh codewords with many sign changes
has self-ICI cancellation in a Doppler environment. We will
compare PMU-OFDM with OFDMA, and demonstrate that
PMU-OFDM with odd Hadamard—Walsh codewords outper-
forms half-loaded OFDMA in a Doppler environment.

The rest of this paper is organized as follows. The
PMU-OFDM system and the Rayleigh time-varying channel
model are reviewed in Section II. We analyze the MAI effect
of PMU-OFDM due to the Doppler effect and show how to
achieve the approximately MAI-free property in Section III,
where the ICI effect resulting from the Doppler spread is also
discussed. We also discuss the codeword priority scheme for
PMU-OFDM and show that users using Hadamard—Walsh
codewords with a higher sign change number experience less

ICI. The Monte Carlo simulation results are presented in
Section IV and performance comparison between PMU-OFDM
and OFDMA is conducted. Finally, concluding remarks are
given in Section V.

II. SYSTEM MODEL

In this section, we provide a brief review to the PMU-OFDM
system [19] whose block diagram is shown in Fig. 1. The input
of user j isan N X 1 vector x;. Each symbol in x; is repeated
by M times to form an NM X 1 vector y; as

yjlv+kM] = z;[k], 0<k<N-1; 0<v<M-1.

ey
In the next stage, y; is multiplied by a diagonal matrix W
of size NM x N M whose diagonal elements are obtained by
repeating the jth column of an M x M real Hadamard matrix

D by N times, i.e.,

W, = diag (d;, d;’» e d;) 2)

where d; is the transpose of the jth column of D. Since D is an
orthogonal matrix, the following property holds:

M,
0,

i=j

M-1
Zwi[v—l—k‘M]wj[v—l—kM]:{ P4 3)

v=0

where w;[v+kM] is the v+ kMth diagonal element of diagonal
matrix Wj,0 <o < M —-1and0 < k < N — 1. After passing
through W, the resultant N M X 1 vector z; can be written as

zi[ll = willly;ll],  0<I<NM -1 4)
where | = v 4+ kM is the frequency index. Next, each coded
vector is passed through the N M -point inverse DFT (IDFT)
matrix. Then, following the parallel-to-serial conversion, N, CP
are inserted at the beginning of each OFDM symbol. The jth
transmitted signal over a block is thus given by

NM-1
1 2

siln) =7 2 wilys(e ¥,
Q=0

~N,<n<NM.
(5)

These symbols are fed to the multiple access channel. We con-
sider the uplink scenario where each user experiences a different
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channel but under the assumption of synchronous communica-
tion. The time-varying channel impulse response for any user
can be expressed by [16]

Np—1

h(n;T) =Y g(n;d)s(r — d) 6)

d=0

where n and 7 denote time and delay, respectively, Ny, is the
maximum length of channel impulse response, g(n;d) is the
channel coefficient gain at time n for the dth tap, and 6( -) is
the Kronecker delta function. Coefficient g(n; d) is assumed to
be a complex Gaussian random variable with zero mean and
unit variance. Usually, g(n; d) is equal to 34e~727®¢(")  where
Ba4 and ®4(n) are random variables with the Rayleigh and
the uniform distributions, respectively. Note that ®;(n) is the
Doppler frequency for every channel path d and it is the only
time-varying factor in this model. The Doppler spread effect is
caused by the difference in Doppler frequencies ®4(n) of dif-
ferent channel paths. If ®4(n) is the same for all channel paths,
we have only the Doppler shift but not the Doppler spread. The
latter is often used to model a time-invariant channel with CFO.

Also, the typical wide-sense stationary uncorrelated scat-
tering (WSSUS) channel model is adopted [11], [16]. Then, we
have

Elg(n; d)g*(m; d")] = ¢p(n —m)ojs(d—d')  (7)
where o2 is the variance of the dth tap and ¢(n — m) is the
time-autocorrelation function. One classic time-autocorrelation

function is the Jakes model [11], which can be written as
d(n—m) = Jo2r fpTs(n —m)) )

where Jo(2) is the zeroth-order Bessel function of the first kind,
fp is the maximum Doppler frequency, and T is the sampling
rate. The Jakes model is adopted for the time-correlation func-
tion throughout this paper. If the CP duration is chosen such that
N, > Nj, the received signal after removing the cyclic prefix
is given by

T N,—1

P IPIE!

i=1 d=0

(n;d)si(n — d) + e(n) 9)

where e(n) is the discrete-time additive white Gaussian noise,
gi(n; d) is the channel complex coefficient of user 7, and 7' is the
number of multiple access users. Next, each block of size N M
is converted from serial to parallel and then passed through the

DFT matrix. The output of DFT can be expressed as
NM-1

Z 1"(n)e_j5%”l7

n=0

rll] = 0<I<NM-—1. (10)

To detect the symbol transmitted by the jth user, the NM x
1 output vector of DFT is multiplied by W ; and the resultant

output, denoted by y ;, is averaged over M symbols such that

M—-1
1

ij[k] = i Z giv + kM]
v=0
] M-t
=" UXZ;) rlv + kMw;[v + kM]

(1)
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where 0 < k < N — 1. By substituting (5), (9), and (10) into

(11), we have
M—1

M
(k] = M;)w]v—l—k ]NM
T NM-1

X Z Z Yi [Qw; [

i=1 n,Q=0
‘{ejNMQ(n d) jﬁn(v+kM)}+é[k] (12)

Np—1

] Z gi(n;d)

d=0

where
M-
Z elv+ kMlw;lv + kM) (13)
and v
NM-1
e[v + /i:M] = Z e(n) e I N AT "(U‘f’kM) (14)
n=0
By (1), we get
YilQ] = yi[u + fM] = z;[f] (15)

where Q@ = v+ fM,with0 < u < M —1and0 < f <
N — 1. Since all symbols of an individual user use the same
Hadamard-Walsh code, we have w;[u + fM] = w;[u] and
w;[v + kM] = w;[v]. By defining

M—1M-1

1 . o
Galne =37 30 3 wilulw; o] =7 FFr (i dird
v=0 u=0
(16)
and using (15), we can rewrite (12) as
T N-1 NM—1N,—-1
z;[k] = ZZ‘“ NMZ Z[glndgjnd)
i=1 f=0 n=0 d=0

we—I Fir (FM)d (=5 (k=f)n }+é[k]. (17)

Finally, to mitigate the fading effect on received symbols, & [k]
is passed through a frequency equalizer (FEQ), which will be
explained later.

Even though PMU-OFDM may appear to be similar to
MC-CDMA in the system diagram, we should emphasize
that the summation in the PMU-OFDM receiver is preformed
before the gain multiplication, which is different from that
of MC-CDMA systems. This difference will lead to different
performance in the multipath fading channel or a CFO environ-
ment [19]. For more detailed performance comparison between
MC-CDMA and PMU-OFDM, we refer to [19].

III. ANALYSIS OF PMU-OFDM UNDER THE DOPPLER EFFECT

The overall Doppler effect in a mobile environment can be
divided into two parts. One is the interference from symbols of
other users due to the time-varying channel while the other is the
interference from neighboring subcarriers (i.e., Doppler ICI) of
the same user to result in symbol distortions. They are called the
Doppler MALI effect and the self-Doppler effect, respectively.
We analyze the performance of PMU-OFDM, and derive its av-
erage MAI and ICI expressions in this section.
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A. Analysis of Doppler MAI

From (17), the MAI to the kth symbol of user j due to user ¢,
denoted by MAIL,;.;[k], is given by

N-1 NM—1Np—-1
M= 3l 3 3 s
n=0 =
xCij(n, d)e” JNMO“M) —IF =N (18)

The averaged MAI;._;[k] power is E{|MAI;._;[k]|*}. Let
Gij(n,d)

- 2n
—JNarud

=1;,j(n)e
where

1

M—-1
nig(n) = — 3 wlulw;[ple? ¥ (19)

Assuming that z;[f] and g;(n; d) are uncorrelated, we can get
from (18) that
E {|MA1]H[1g 1”}
N1
< Z E{z;[f]
f,f'=0
A Blgi s g (ms )y g () (m)

w ¢—d W7 (utfM)(d=d") =5 5F (k—=f)(n— m)}. (20)

NM-—1 Np—1

HIEY Z

n,m=0d,d' =

It is also assumed that cross correlation between ;[ f] is zero;
ie., E{z;[flz}[f']} = 02.6(f — f'). Then, by (7) and (8), the
averaged power of MAI;_;[k] can be found as

E{|MAL;;[¥]]*}
—1NM-1

dan> Z 3 {JO 21 fpTs(n —m))

—0 n,m= 0
Mg (n)ni,j (m)e_JT(k—f)(n—m) }

Consider the case f = k, where the resulting MAI is denoted by
MAIg?ll [k]. Then, from (21), the average power of MAIg?ll [%]

is given by

{‘MAIE?L[k]‘ }

NM-1

x> Jo(2mfpTy(n —m))mii(n)ng ;(m).

n,m=0

It is known [9] that M Hadamard-Walsh codewords can be di-
vided into two groups of M /2 codewords. One is the set of even
codewords satisfying

:Nh(

2

(F37)

(22)

w;la] = w;[M — 1 — al, 0<a< M/2-1, (23)
and the other is the set of odd codewords given by
w;la] = —w;[M — 1 —a], 0<a< M/2-1. (24)

In the following, we will prove that if only M/2 even or
odd codewords of M Hadamard—Walsh codewords are used,
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MAIY

_]4—7/
observe that MAI(O) ;[k] is the dominating MAI by computer
simulation in Sect1on IV. Thus, by reducing MAI]‘_Z[k] to a
negligible amount, the total MAI is also reduced substantially.

Theorem: Suppose that only the M/2 even or the M/2
odd codewords of M Hadamard—Walsh codewords are used,
MAI §<_1[k] is approximately zero if the normalized Doppler
frequency is less than 1/(2r NM).

Proof: 1t can be easily shown that EM ! EM 1P i lp+
qlwjlg] = 0, i # j, (also, see [21]). Then we can rewrite
(22) such that it includes this term. To do so, we can use the
following:

[k] can be reduced to a negligible amount. Then, we

M-1 M-1

D D o

u=0,u#v v=0

-y {a@) S wilp + g

p=1 q=0
M—-1-p

>

q=0

a(u — v)w; [uw;[v]

+ a(-p) wilglw;[p + q]} (25)
where «( - ) can be any function. Note that if ¢ # j, we have

M-1M-1

>, > o

u=0 v=0

u — v)w;u]w;[v]

M-1 M-1

=2 > o

u=0,u#v v=0

u — v)w;{ulw;[v].  (26)
Also, even and odd codewords have the following property [19]:

M—-1-p

> wilp+ qwjla] =

q=0

M—-1-p

> wilglw;lp+q).

q=0

27)

Let a(u — U) — e—i27/NM(v—u)n Using (25)-(27), for i # j,
7;,;(n) can be written as

S o+ g cos (7).

p=1 q=0
(28)
By substituting (28) in (22) and making some rearrangement,
we can obtain the average power of MAIY k] as

il
E {’MAI?L [k]‘ }

9910 \2M1M_1-p
d T,
=N, < N2 > pZ::l q;] w;[p + qlw;q]

M—-1M-1-r

xS wilr+ sluslslo(pr)

2
ni.;(n) =

(29)
where

NM-1

p(p,7) = Z Jo(2m fpTs(n —m))

n,m=0
y 2T 2T
cos NP cos N

Tm) . (30
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Fig. 2 Approximation of Jo(z) by 1 — ((1/4)z2)/((1!)?) for z < 1.

Now, we need to show that p(p, r) is a constant function so that
E{MALY [k]]?} ~ 0, for fpTy < 1/2rNM.

The zeroth-order Bessel function of the first kind can be ex-
panded by the following power series [1]:
2 () (@)
(1) = (212 (3)? '
As shown in Fig. 2, we can approximate Jy(z) for 0 < z < 1
by 1 — (1/4)2z%/(1!)%. By substituting this approximation for
Jo(2mfpTs(n —m)) with0 < n —m < NM,0 < fpTs <
1/2r NM (or, equivalently, 0 < 27 fpTs(n — m) < 1), we
obtain

Jo(z) =1- (3D

J0(27TfDTs(n - m)) = (1 - ”Tz(fDTs)2(n -

where fpTs < (1/(2rNM)). Based on the previous approxi-
mation, we can express p(p,r) in (29) as

m)?). (32

NM-1NM-1

2w 2w
p(p, ) Z Z cos (NMpn> cos (NMTm)
n=0 m=0
NM-1
—72(fpT,)? Z n? cos (an)

(33)
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It can easily be shown that ZNM !

Yoy cos((2

cos((2m)/(NM)pn) =
27)/(NM)rm) = 0. Also, we know from [7]

that
n—1 : 2n—1
1—
Z k cos(kz) = i ( = %) - .C(;S(;w), x # 0.
Pt 2sin (5) 4sin (5)
(34
Therefore, forp =1,2,... M —landr =1,2,...,M —1, we
get
P MO8 | 2 s
= 2 neos { S
_ NMsin (2MA=L 25 ) 1 —cos(2mp)
2sin (ﬁp) 4 sin® (ﬁp)
NM 2 Lz NM
sm( T NM) _ ' 35)
2 sin (NM) 2
By plugging (35) in (33)
NM\?
o) = 2212 (250

which is independent of p and r. By substituting this approxi-
mate value of p(p,r) back to (29), we obtain

T fpTs040, ?

M—-1M—-1—p
x> > wilp+alwld
p=1 ¢=0
M—-1M-1-r

X Z w;[r + s]w;[s].
r=1 s=0
(36)

One can show Z ZM YP wi[p+ qlw;[q] = 0, if the even
or odd Hadamard Walsh codewords are used. For the detailed
proof, we refer to [21]. Finally, we have

{‘MAIJH k]’ } ~ 0,
|

Equation (37) shows that PMU-OFDM is approximately
MAI-free in a Doppler environment. This result is actually
similar to that in a CFO environment [19]. We may consider
a simple example for the illustration purpose. When N = 64
and M = 16, PMU-OFDM is approximately MAI-free when
the normalized maximum Doppler frequency is less than
1.5 x 10~*. For the carrier frequency f. = 4 GHz and the
sampling frequency Fy, = 1/Ts = 2 MHz, this maximum
Doppler frequency is equivalent to a mobile speed of 81 km/h.

Since MAIg lz[k] is the dominating MAI in a time-invariant

if fpTs < (37)

1
2rNM™

CFO environment [19], the suppression of MAIE-?l ;|k] reduces
the total MAI due to CFO reatly. We will show by simulation
in Section IV that MAI ;K] is the dominating MAI in a
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Doppler environment as well so that the total MAI can be sup-
pressed significantly in a Doppler environment by suppressing
MAI [k] using odd or even Hadamard-Walsh codewords.

](—1

B. Analysis of Doppler ICI and Symbol Distortion

In this section, we investigate the impairment caused by
user’s self Doppler effect. Let « = j in (17). The kth detected
symbol of user j with no other active user is given by

N-1 | NM-1Nw—1
(k] = ij[f]m Z Z
f=0 n=0 d=0

x g;(n; d)¢j j(n, d)e I ¥ (FM)

x e I RE=Nn 4 ok, (38)
We can rewrite (38) as
&[k] = a;[k]H; (k] + 1ICIO [k] + ICLV (k] + e[k]  (39)

where H;[k], ICIE-O) [k], and ICI§-1)[I§] are discussed later. The
distortion factor H,[k] is obtained by putting f = k and u = v
in ¢; j(n,d) in (38), i.e.,

NM—1N;,—1 M-1
Z o—J 73 (v+kM)d

H;lk] = NMZZgjnd
(40)

for0<ov<M-1,and0 < d < N — 1.If NM > wvd, then

¢ I/ (NMyvd o/ ST o727 /NMud 1 Note that

since0 <v<M-1,and0 < d < N, —1,NM > vd is

equivalent to N > N, — 1. Therefore, H;[k] can be written as
NM-1N,—1

d)e I Tk,
M;)z::gjne

That is, for every time index 7 and any user j, we take the DFT
of channel coefficient g;(n; d) over path d with frequency index
k. The result is then averaged over one OFDM symbol to yield
H;[k]. When N > N, — 1, another interpretation of H,[k] is

H[k] ~ @1)

Np—1

Z av g =kd

where ¢5"%(d) = (1)/(NM) Zi\z\g_l gj(n;d) is the average
of the dth channel tap over one OFDM block. Therefore, H [k]
represents the DFT of g;"®(d). Often, subcarriers are much
longer than the channel length and H;[k] can be computed
from (42). In Section IV, we assume this condition is held by
adopting N = 64 and N};, = 4 in Examples 3 and 4.

We can mitigate the symbol distortion effect in the receiver
using a frequency domain equalizer whose one tap gain for user
j is set to (H;[k])~'. To this end, channel estimation for time-
varying channel must be preformed. When the channel is time-
varying within an OFDM block, the preamble-based training
method may not work well. Periodic insertion of training sym-
bols during transmission of every block has been suggested for
OFDM in time-varying channels. It was shown in [5] that the
best set of frequency domain pilot tones are those which are
equally spaced. We adopt this technique to estimate the fast

Hjlk] ~ (42)
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fading channel. Let P be the number of equally spaced pilot
tones at subchannels A[k] =k x N/P,for0 <k < P —1.An
estimate of H;[k] can be obtained at pilot tones via

a[AR)
I

(ICLV[ALK]]+ICKV [A K] +e[A[k]])
;[ A[K]] '
(43)

Then, the estimate of g7"*(d) is obtained through an IDFT of
length P as

H;[AIK)) =

P—

Z

k:

Aa\g 327rdk

iA[K]]e (44)

More sophisticated algorithms were suggested to improve the
channel estimation performance in a Doppler environment. For
example, two ICI mitigation techniques were proposed in [6]
to improve the channel estimation performance in the presence
of the Doppler effect. Other channel estimation methods for
OFDM in time-varying channels were reported in [13] and [14].

The term ICIE»O) [k] in (39) is the interference from subcarriers
with f = k and u # v to the desired subcarrier f = k; namely

NM—-1Np-1
0
ICIJ(' )[k] = Z Z 95 (n; ){¢j,5(n, d)usto }
n=0 d=0
X e_J T (k]\I)d (45)

Finally, the term ICIE-I) [k] in (39) is the sum of all interferences
from subcarriers f # k, i.e.,

N-1
1
IV k] = > alf
f=0,f#k
X e ]N]\[(fj\[)d _J

| NM-1N.1

NM Z Z g9;(n; d)¢;,5(n, d)
n=0 d=0
F(k=f)n_ (46)
Since the ICI average power can be obtained in a manner similar
to that in deriving the MAI average power, we omit the deriva-
tion and simply show the result. That is, the average power of
ICI [k] is equal to

E{‘ICIEO)[k]F}:

NM-1

N (Nt )2 n;O Jo (2m fpTs(n—m))

X A15.5 () luzeo Hj j (m) [uzzo } - 47)
We can rewrite (25) for ¢ = j as
M—1
> au—vyw;ulw;v]
u,v=0,u#v
M-1 M—-1—p
= > {{Q(P) +a(-p)} Y wib+ q]wj[q]} . (48)
p=1 q=0

Let a(u — ’U) = e_j(Zﬂ')/(NI\/j)(’U—u)n- Then
9 M—-1M-1—p o
nj:j(n)|u$£v = i pz;l qz:;) wj[p+q]wj[q] cos (an> .
(49)
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By substituting (49) in (47) and using the approximate formula
(32) for the Bessel function and (35), we have

E {’1c1§.°> [k]‘z}

7rfDT e 2M—-1M-1—p
~ 2N, <—> Z Z w;lp + qlw,d]

M—-1M—1—r
X Z Z wj[r + slw;[s]. (50)
r=1 s=0
The double summation term in (50) is found to be
M—-1M-1—p
S0 wilp+ qwjld)
p=1 q=0
| M(M —-1)/2, all-one codeword 1)
T —M/2, otherwise
since the left term of (51) is equal to
| Mot (M1 M—1 (Ml
3 2 v Zwa[ulZwJ Zw
w,v=0,u#v

In addition, Zi\i_ol w;[u] is equal to M for the all-one

codeword and is O for all other codewords. From (50) and
5D, E{ICLVK]P} =~ (Nu)/(2)(nfpTs040,;)% when
the all-one codeword is not used and fpT, < 1/(2rNM).
On the other hand if the all-one codeword is used, we
have E'{|ICI [k]| b Nu/2(mfpTsoq0.,(M — 1))%
For instance, if fpTs < 1/(2rNM), E{|ICI(0)[k]|2} <
Nyoo? /8N? for the all-one codeword and E{|ICI(O)[ E]|*} <
(N, odoé )/(8N2M?) for other codewords.

We can also derive the average power of ICIJ(»I) [k], denoted
by

— NM-1

BV R17) =Ny (77 Yy

f=0,f#k n,m=0
x { o @m o Ti(n = m)) 15 (n)
x n;_j(m)e_j%(k_f)("_m)}. (52)

As compared with the average power of ICIgl) [k], the average
power of ICIJ(»O) [k] is negligible for all codewords for practical
values of N and Nj,. This can be clearly explained by the fol-
lowing example.

Example: Let N = 64, N, = 4, M = 16, fpTs = 1 x
1074, and 03 = 02 = 1. Then, E{|ICI\" [K]|*} ~ —40.5 dB
for the all-one codeword, and E{|ICI§-O) [k]|?} ~ —64 dB for
other codewords. Using (52) and the same set of parameters,
we compute the value of F {|ICI§»1) [£]|?} to be about —10 dB
for the user with the all-one codeword decibels, and between
—25 and —50 dB for all other users. Clearly, E{|ICI [k]| }is

much larger than the corresponding values of {|ICI(0)[ K]|%}.
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Since ICIg»l) [k] is the dominant ICI, we only need to consider

this ICI effect and ignore ICI;O) [k]. It will also be shown later in
this section and in Section IV that the total interference from
subcarriers f # k of user j, i.e., IClj(»l) [k], with the all-one
codeword is much larger than that of other codewords. It will
also be shown in Section I'V that the averaged ICI power depends
on the assigned Hadamard—Walsh codeword. [ |

C. Codeword Priority Schemes for ICI Cancellation

Since ICIJ(»I)[k] is the dominant ICI due to the Doppler
spread effect, we would like to further investigate this term in
this section. It is found that codewords with a higher number
of sign changes tend to lead to a smaller ICI value. This can
be explained as follows. Expression 7; j(n)n; ;(m) in (52)
can be divided into four terms: {n; ;(n)|u=v }{7} ;(M)|u=0v},
{055 () lu=o -5 j(M)luzeo b {755 (0) fuzeo Hnj 5 (1) |u=o}
and {7 (n) uzeo } {7 ; (m )Iu;év}

Let r;,;[p] = Zf} 01 wilp+ qlwilg], 1 <p < M — L.
Since {n;,;(n)|u=v} = 1, and by using (49), (52) can be written
as

E {‘Iag” [k]‘z}

:Nh(‘%’;\?f Nf {Nﬂz/[:_lJo(waDTg(n—m))

£=0,f#k \n,m=0
X e—sz"(k—f)(n—M)
M-1 NM-—1
ZTJ,J[T’] Z Jo (27 fpTs(n —m))
n,m=0
X COS 2_7rpn eI 5 (k—f)(n—m)
NM
g M1 NM-—1
+ g 2 i) 3 do(@nfon—m)
n,m=0
X COS Q—me oI % (k=f)(n—m)
NM
4 |l 2 NM-1
+ o | 2 )| Y Jo@nfpTi(n—m))
p=1 n,m=0
2 2
X €os <ﬁpn> cos <ﬁpm> eI T (k=f)(n- m)}
Define
NM—1 o
and
NM-—1
Z ne_jzﬁw(k_f)n_
n=0
Since ZNM*l —j27/N(k—f)n  _ ZN_I% L —j2r/N(k=f)n
cos((2m)/(NM)pn) = 0, for p = 1,2,...M — 1, and



3794

k—f = —=2N,...,—1,1,...2N, and by using the ap-
proximate formula (32), we can express E{|ICI§»1)[k]|2} for
0 < fpTs < 1/2rNM by

E{‘Iag.l)[k]r}

2 N-1
~ 2N, (%) Z |’Y(k—f)|2
F=0,f#k
4 M—-1
+ R (k= ) > rlplBe k= )}
p=1
4 M-1 2
t e 2_:1 r;.i[PlB(p k= f) (53)

where ${ - } denotes the real part. We prove in the Appendix
that the real part of 3(p, k — f) is equal to —N M /2. Based on
this result, we can rewrite the ICI average power as

E {’1c1§.1> [k]‘z}

7(fpTs)oq0s. 2 Nl
e D MR s
f=0,f#k
4 M—-1
R {ﬂk DT L e - f)}] }
M-1 2
+ 2 [T+ D IS {8k — 1)} (54)
p=1

where 3 - } is the imaginary part and I can be obtained by (51)

as
r— { M, all-one codeword

M2N

yat otherwise.

The quantity 7; ;[p] can be interpreted as the autocorrelation
of codeword j. Since S{B(p,k — f)} is a monotonically de-
creasing or increasing function of p for given k& — f as shown in
the Appendix, we can characterize the ICI values qualitatively
by r; j[p] based on (54). If r; ;[p], 1 < p < M — 1, has a suffi-
cient number of sign changes, the Zﬁi_ll 75 i[p1S{B(p, k- f)}
term in (54) is likely to be cancelled out after the summation
over all p, which leads to a smaller ICI value. Since r; ;[p] =
Zé\/igl_p wjlp + qlwj[q],for1 < p < M—1, there is arelation
between the number of sign changes in the codewords and the
number of sign changes in 7[p]. For example, let M = 8. For
the all-one codeword, 71 1[p] is (7654321) that has no sign
change. For the second codeword, (1 —11 —11 —11 — 1)
with seven sign changes, 72 2[p] is (=76 — 54 — 32 — 1) that
has six sign changes. Finally, for the seventh codeword (11 —
1-1-1-111),theassociated r7 7[p]is (3 —2—-3 -4 —-121)
and they both have two sign changes.

With the previous observation, we can adopt the following
rule of thumb for codeword selection in a PMU-OFDM system:
“To give a higher priority to codewords that have a higher
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Fig.3 Dominating and the residual MAI curves as a function of the normalized
Doppler frequency.

number of sign-changes.” This result is similar to PMU-OFDM
in the presence of a pure CFO environment [21]. Simula-
tion results about the code priority scheme will be shown in
Section IV.

IV. SIMULATION RESULTS

Simulation results are presented in this section to corroborate
the theoretical results derived in previous sections. In the simu-
lation, we choose carrier frequency f. = 4 GHz and sampling
frequency Fs = 1/15 = 2 MHz. The maximum Doppler fre-
quency is related to the mobile speed via fp = f.(V/c), where
c is the speed of light and V' is the mobile speed. Channel co-
efficients are allowed to change during one OFDM block, and
they have the Rayleigh distribution with a unit variance at the
same path but different time indices. The classical Jakes Doppler
spectrum [11] is adopted for the time-varying fading channel,
and the binary phase shift keying (BPSK) modulation scheme
is considered. The simulation is conducted by the Monte Carlo
method.

Example 1: Suppression of Dominating MAI: In this ex-
ample, we show that MAIE-?_,L- [k] is the dominating MAI as
derived in Section III, and then, we investigate its suppression
by using even or odd Hadamard—Walsh codewords. The simula-
tion parameters are N = 4, M = 16, and Nj, = 1. The average
MAI for user j from all other users, denoted by mﬁo), is
calculated as follows. For the kth symbol of any target user,
we accumulate the MAI contributed from all the kth symbols
of other users. This procedure is repeated for all symbols,
and the MAI power is then averaged for 0 < £k < N — 1;

e MATY = 1NN YL L MAKY (K], This is

conducted for more than 400000 symbols in the simulation.
Similarly, the total MAI from all other symbols (f # k)

of other users to user j, denoted by MAI]-1 , is obtained by
averaging the value (1/N) ZkN:_Ol|Z?=1’i# MAIY (k]2

Je1
The total MAl is plotted as a function of the maximum normal-
ized Doppler frequency in Fig. 3, where MAI;-O) and MAI}I)
of all 16 users are shown by 16 solid curves and 16 dashed
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Fig.4 Dominating and residual MAI versus the normalized Doppler frequency
when only M /2 even or odd Hadamard—Walsh codewords are used.

curves, respectively. The solid bold curve in Fig. 3, denoted by
MAT" , is the average value of 16 solid curves and obtained by
(1/T) 37, MAT,”. Similarly, the dashed bold curve, denoted

by MAI(l), is the average value of 16 dashed curves and ob-

tained by 1/7 Z]TZI MAI;O). We see from this figure that the

average MAI(O) is about 10 dB more than the average MAI(l).

Thus, we can view MAI" and MAT"" as the dominating MAI
and the residual MAI, respectively.

Now, we consider a case where only M/2 = 8 even (or
only M /2 = 8 odd) Hadamard—Walsh codewords are used. The
MAI performance is shown for both even and odd codewords in
Fig. 4. By comparing results in this figure and Fig. 3, we see
that the dominating MAI is reduced by 35-58 dB. In contrast,
the residual MAI is only decreased by 5-6 dB due to the de-
creased user number from 16 to 8. The results confirm that the
dominating MAI can be greatly reduced using only M /2 even
or M /2 odd codewords so that the total MAI, which is equal to

MAT"” + m(l), is reduced considerably.

Example 2: Doppler ICI: In this example, we consider the
ICI effect due to the Doppler spread. As mentioned previously,
we focus on ICIEI) for user j, whose average power is calculated
as follows. For the kth symbol of the target user, we accumulate
the ICI from all other symbols f # k of the same user. The av-
erage ICI power is then averaged for 0 < k£ < N — 1; namely,
ﬁgl) = (1/N) ch\:ol |ICI§-1)[1€]|2. Fig. 5 shows the average
ICI power for each individual Hadamard—Walsh codeword used
in PMU-OFDM when N = 64, M = 16, and N;, = 4. The
maximum Doppler frequency was chosen to be 10~%, which
corresponds to the user speed of 54 km/h. We see that different
users experience a different amount of ICI. Especially, the user
that employs the all-one codeword suffers more ICI than all
others by 15-40 dB. Intuitively, if a codeword has more sign
changes, the main lobes of interfering subcarriers may cancel
each other so that the ICI power is decreased. This is similar
to the self-ICI cancellation technique used to mitigate ICI in
OFDM [23]. Since the all-one codeword belongs to the set of
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Fig. 5 ICI(™) power as a function of user index for even and odd codewords
with fpTs =1 x 107*.

even Hadamard—Walsh codewords, we recommend to choose
the set of odd Hadamard—Walsh codewords first, since they have
the approximately MAI-free property and a lower average ICI
power at the same time.

In the next several examples, we compare the performance
of the PMU-OFDM and the OFDMA systems. For fair compar-
ison, we keep the size of IDFT/DFT of both systems the same,
i.e., NM, and consider both fully loaded and half-loaded situa-
tions. For a fully loaded OFDMA system, subchannels indexed
by (j—1)+kM,1 <j< Mand0 < k < N —1 are as-
signed to user j. In other words, each user occupies N subchan-
nels which are maximally separated. To simulate the half-loaded
PMU-OFDM system, the set of odd (or even) Hadamard—Walsh
codewords is used. For the half-loaded OFDMA system, the jth
user is assigned subchannels with indices 2(j — 1) + kM, 0 <
k<N —1,and 1 < j < M/2. The remaining subchannels are
used as the guard band.

Example 3: Performance Comparison of PMU-OFDM to
OFDMA in the Doppler Environment: In this example, we com-
pare the performance of odd and even Hadamard—Walsh code-
words for PMU-OFDM with parameters N = 64, M = 16,
and N;, = 4. The ICI power and the MAI power for OFDMA
and PMU-OFDM are plotted as functions of the normalized
Doppler frequency in Fig. 6, where the average ICI power is
the averaged value of eight multiple access users (i.e., T' = 8).
We see that the second largest amount of interference is the ICI
of PMU-OFDM with only even codewords. The reason is that
the all-one codeword in the set of even codewords has a high
ICI value as compared to the ICI or the MAI of all other users.
On the other hand, the ICI value of PMU-OFDM with the set of
odd Hadamard—Walsh codewords is only about 4 dB more than
that of OFDMA. Note that subcarriers assigned to a particular
user in OFDMA are spread uniformly across the available
bandwidth. Hence, ICI results in less impairment in OFDMA
than in a single-user OFDM. However, for OFDMA, the MAI
power is significantly higher than that of PMU-OFDM. As
shown in Fig. 6, we observe that the MAI value of PMU-OFDM
with either even or odd Hadamard—Walsh codewords is about
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Fig. 6 Comparison of the MAI power and the ICI power as a function of the
normalized Doppler frequency.

—P>— Fully-loaded PMU-OFDM

—O— Fully-loaded OFDMA

= —B -~ Half-loaded OFDMA with channel estimation
—H— Half-loaded OFDMA

+ Half-loaded PMU-OFDM with even codes

— 7 — Half-loaded PMU-OFDM with odd codes and channel estimation
—=— Half-loaded PMU-OFDM with odd codes

——— PMU-OFDM with even codes, without all-one code

Bit error probability

Fig. 7 BEP comparison for PMU-OFDM and OFDMA as a function of the
normalized Doppler frequency.

10 dB less than that of OFDMA. Thus, we expect PMU-OFDM
with only odd codewords to outperform OFDMA in the bit
error probability (BEP).

Under the setting of N = 64,M = 16,N, = 4, and
E,/Ny = 30 dB, simulation results on the BEP are shown
in Fig. 7, where the BER performance is plotted as a func-
tion of the Doppler frequency for six systems: fully loaded
PMU-OFDM, fully loaded OFDMA, half-loaded PMU-OFDM
with even codewords, half-loaded PMU-OFDM with odd
codewords, PMU-OFDM with even codewords, excluding the
all-one codeword, and half-loaded OFDMA. In this simulation,
we assume that perfect channel knowledge is available at
the receiver. An FEQ can be used to compensate the symbol
distortion effect, i.e., the detected symbol z;[k] is multiplied by
(H,[k])~ 1. Thus, both systems only suffer from MAI and ICL.
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Fig. 8 BEP comparison for PMU-OFDM and OFDMA as a function of the
SNR value.

We see that fully loaded PMU-OFDM and fully loaded
OFDMA have comparable performance for fpT, > 10~*. For
foT, < 10~* that corresponds to the mobile speed of 54 km/h
with respect to our chosen parameters, OFDMA outperforms
PMU-OFDM since OFDMA is MAl-free if time or frequency
asynchronism is negligible. For half-loaded systems, we see
that PMU-OFDM with odd codewords yields much lower BEP
than PMU-OFDM with even codewords and OFDMA in the
Doppler environment with the maximum normalized Doppler
frequency ranging from 1 x 1075 to 3 x 10~4, corresponding to
a mobile speed between 5.4 and 162 km/h. The poorer perfor-
mance of half-loaded PMU-OFDM with even codewords is due
to high ICI of the user with the all-one codeword. Thus, if we
exclude the all-one codeword, PMU-OFDM with seven even
codewords outperforms all other systems as shown in Fig. 7.

Now, let us consider nonperfect channel estimation in a
time-varying channel. Fig. 8 compares the BEPs for the six
scenarios given in Fig. 7 and two more scenarios with channel
estimation. That is, we no longer assume perfect knowledge of
channel at the receiver. The channel estimation was performed
using (43) and (44). We used eight pilots in every OFDM block.
The BEP results of all eight scenarios are plotted as a function
of the SNR value E,/Ny, with the maximum normalized
Doppler frequency fixed at 10~%. For fully loaded cases, the
BEP curves of PMU-OFDM and OFDMA are close to each
other. For half-loaded cases, the BEP curves of PMU-OFDM
with even codewords and OFDMA are also close with each
other, while PMU-OFDM with odd codewords outperforms
the previous four cases considerably. PMU-OFDM with seven
even codewords (excluding the all-one codeword) perform
much better than half-load PMU-OFDM with all eight even
codewords due to the high ICI value of the user with all-one
codeword. Also, we see from Fig. 8 that the channel estima-
tion penalty is about 1.5-2.0 dB for E;,/Noy < 20 dB. The
performance gap between half-loaded PMU-OFDM with odd
codewords and half-loaded OFDMA, however, remains the
same with realistic channel estimation.
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TABLE 1
ICI AVERAGE POWER IN DECIBELS FOR 16 USERS
# sign changes for even codewords 0 2 4 6 8 10 12 14
ICI of even codewords (dB) -10.63 | -32.46 | -40.22 | -38.36 | -49.40 | -49.89 | -46.94 | -45.84
# sign changes for odd codewords 1 3 5 7 9 11 13 15
ICT of odd codewords (dB) -24.80 | -30.54 | -40.51 | -37.10 | -49.56 | -49.85 | -47.23 | -45.03

Bit error probability

—p— OFDMA
—<— PMU-OFDM

2 4 6 8 10 12 14 16
Number of users

Fig.9 BEP performance comparison as a function of the user number for PMU-
OFDM and OFDMA, where the codeword priority scheme is adopted for PMU-
OFDM.

Example 4: Codeword Priority: It was mentioned in
Section III that codewords with a higher number of sign
changes in general have a lower amount of ICI. We conduct
simulations to verify this statement here. System parameters are
chosen to be N = 64, M = 16, and N; = 4. The maximum
normalized Doppler frequency and the SNR value were fixed
at 10~* and 30 dB, respectively.

The ICI power for 16 codewords is shown in Table I, where
the corresponding number of sign changes is also provided. It
is a general trend that codewords with more sign changes have
less ICIL.

Next, we examine how PMU-OFDM and OFDMA perform
when the active number of users varies from 1 to T' = M.
The codeword priority scheme for PMU-OFDM is stated later.
When the system load is less than 50%, we use codewords with a
higher number of sign changes among the M /2 odd codewords.
When the system load is more than 50%, we choose all M /2
odd codewords plus an even codeword predetermined to have a
low average ICI value based on the results given in Table I. The
procedure is repeated until all 16 codewords are selected. We
plot BEP as a function of the user number for PMU-OFDM and
OFDMA in Fig. 9.

From Fig. 9, we see that PMU-OFDMA significantly outper-
forms OFDMA in a lightly loaded (50% or less) system. When
the system reaches its full loading, the BEP performance of
PMU-OFDM and OFDMA becomes comparable.

V. CONCLUSION

The performance of an approximately MAI-free multiaccess
OFDM transceiver, called the PMU-OFDM system, in a mobile
environment was analyzed in this paper. It was shown that the
MAI due to the Doppler spread can be greatly reduced using ei-
ther M /2 even or odd codewords of M Hadamard-Walsh code-
words in the system. We also investigated the ICI performance
of PMU-OFDM in the Doppler environment and showed by
simulations that, excluding the all-one codeword, the average
ICI power of PMU-OFDM is comparable with that of OFDMA.
The codeword selection priority scheme for PMU-OFDM was
also discussed. Finally, we demonstrated that PMU-OFDM has
a significant performance gain over OFDMA for a wide range
of system loading in a mobile environment in terms of BEP per-
formance. As the system loading becomes higher, such a per-
formance gain becomes narrower. For a fully loaded system,
PMU-OFDM and OFDMA have comparable BEP performance.

APPENDIX

Our objective is to prove that the real part of B(p, k — f) is
constant while the imaginary part of 3(p, k — f) is a monotonic
function of p for a given value of k — f. Let k — f = [, where
l=—-(N-1),...,-1,0,1,...,N — 1.

First, we show that the real part is constant. The real part of
B(p,1) can be written as

R{A(p, 1)} = N%_lncos <;—L(ZM)7L> cos <;—WMpn>

With (34), we get
1) NMsin(2n(IM + p) — 5 (IM +p))
2sin (57 (IM + p))

1 — cos(2n(IM + p)) }

R{G(p, 1)} = 5

 4sin? (5 (IM + p))

+ % {NMsin(Zﬂ(lM —p)

™

(IM — p))2sin (NLM(IM - p))

NM
1 —cos(2n(IM —p))
4 sin? (57 (IM — p)) } ’ (56)
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—p))|. if0<I<N/2

B
—-p)l, ifN/2<I<N-L (63)

Since sin(2r(IM + p) — (x)/(NM)(IM + p)) =
—sin((m)/(NM)(IM + p)) and cos(2x(IM + p)) = 0 for
p=12,...M —1land!l=—(N —1),...,(N — 1), we have
R{B(p, 1)} = (~NM)/(4) + (-NM)/(4) = (~NM)/(2).

Next, we prove that the imaginary part of § is a monotonic
function of p given [ = k — f. The imaginary part of 3(p, ) can
be written as

Nt 27 2T
= Z —n sin <W(1M)n> cos (an>

n=0

1 NM-1 o

n=

+N§:1n51n< (IM — p)n)}-

3{B(p. D}

Based on the following equality given in [7]:

n—1
Z ksin(kz) =
k=1

7 COoS (2"2_13:)
2sin (5)

z#0
(58)
we can express S{G(p,{)} as

S{B(p, 1)}
_ —_1{ sin(2w(IM + p))
2 | 4sin® ({57 (IM + p))
_ NM cos(2x(IM + p) — 57 (IM + p))
2sin (57 (IM + p))
-1 sin(2w(IM — p))
) {4sin (L(ZM )
B N M cos (27r(lM -p) — v (UM —p)) }
2sin (57 (IM — p))

NM NM
== cot(NM(zM+p)) : cot(NM(lM »).
(59

To prove S{3(p,!)} is a monotonic function of p given I, we
show that its derivative with respect to p is either negative or
positive for any p given [. By taking the derivative of 3{8(p, ()}
with respect to p, we get

o3{p(p, )} _ = -1
dp 4 | sin (ﬁ(lM—l—p))

Sln2 (

e

<

|
=
—

To understand the behavior of S{3(p,1)}/dp, we have

sin (ﬁ

(IM —|—p)) = sin (%l) cos (ﬁp)

+ cos (%l) sin (ﬁp) 61)
and

sin (ﬁ(lM — p)) = sin (%l) Ccos (ﬁp)

— cos (%z) sin (ﬁp) (62)
forl <p<M-1and N > 2,(n)/(NM)p < m/2. Thus,
cos((m)/(NM)p) > 0 and sin((w)/(NM)p) > 0. For all
positive values of [, i.e., 0 < | < (N — 1),sin(w/NI) > 0,
but cos(w/NI) can take either negative or positive values.
If I < N/2,cos(r/Nl) > 0. On the other hand, if
Il > N/2,cos(r/Nl) < 0. Then, we conclude from (61)
and (62) that (63), shown at the top of the page, holds. As a
result, 3{4(p, 1)} is an increasing function of p if 0 <1 < N/2
and a decreasing function of p if N/2 <[ < N — 1. Similarly,
for [ < 0, we can prove that S{3(p, )} is a decreasing function
of pif —=N/2 < | < 0 and an increasing function of p if
—-(N-1)<1< -=NJ2.
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