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Deterministic Multiuser Carrier-Frequency Offset
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Abstract—In orthogonal frequency-division multiple access
(OFDMA), closely spaced multiple subcarriers are assigned to
different users for parallel signal transmission. An interleaved
subcarrier-assignment scheme is preferred because it provides
maximum frequency diversity and increases the capacity in fre-
quency-selective fading channels. The subcarriers are overlapping,
but orthogonal to each other such that there is no intercarrier
interference (ICI). Carrier-frequency offsets (CFOs) between the
transmitter and the receiver destroy the orthogonality and intro-
duces ICI, resulting in multiple-access interference. This paper
exploits the inner structure of the signals for CFO estimation in the
uplink of interleaved OFDMA systems. A new uplink signal model
is presented, and an estimation algorithm based on the signal
structure is proposed for estimating the CFOs of all users using
only one OFDMA block. Diversity schemes are also presented to
improve the estimation performance. Simulation results illustrate
the high accuracy and efficiency of the proposed algorithm.

Index Terms—Carrier-frequency offset (CFO), matrix decom-
position, multiple access, orthogonal frequency-division multiplex
(OFDM), parameter estimation.

1. INTRODUCTION

RTHOGONAL frequency-division multiplexing
(OFDM) [1] has been selected as the physical-layer
technology for a number of wireless applications, such as dig-
ital audio broadcasting (DAB) [2] and terrestrial digital video
broadcasting (DVB) [3]. It has also been adopted by IEEE
802.11a [4] and HIPERLAN/2 [5] for high-data-rate wireless
packet transmissions. In OFDM, a set of equally spaced sub-
carriers is used for parallel data transmission. To increase the
frequency efficiency, these subcarriers are overlapping in the
frequency domain, but orthogonal to each other such that there
is no intercarrier interference (ICI). The most important feature
of OFDM is the capability of mitigating frequency-dependent
distortion across the channel band and simplifying the equal-
ization in a multipath fading environment.
Recently, orthogonal frequency-division multiple access
(OFDMA) was proposed for broadband wireless multiple-
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access systems in IEEE 802.16a [6]. In OFDMA, closely
spaced and overlapped subcarriers are divided into groups
and assigned to multiple users for simultaneous transmissions.
Unlike traditional frequency-division multiple access (FDMA),
where any overlapping of the frequency spectrum of different
users introduces multiple-access interference (MAI), the or-
thogonality of subcarriers guarantees that there is no ICI, which
prevents MAI among users in OFDMA systems.

OFDMA inherits from OFDM the weakness of being sensi-
tive to inaccurate frequency references [7]. Carrier-frequency
offset (CFO) between the transmitter and the receiver causes
the loss of orthogonality among subcarriers and introduces ICI.
In OFDMA, CFO will further cause MAI, which degrades the
system performance [8]. CFO estimation for OFDM has been
extensively studied in recent years [9]-[14]. In OFDMA, CFO
estimation is relatively simple in the broadcast link (downlink),
where different users’ signals are multiplexed by the same trans-
mitter, and the orthogonality among all subcarriers is main-
tained. Each user can perform the frequency synchronization by
estimating a single CFO between itself and the transmitter, and
compensate accordingly. Many CFO-estimation algorithms pro-
posed for OFDM are applicable to the OFDMA downlink. The
real challenge exists in the uplink of OFDMA, where a number
of users share the total number of subcarriers, and each user
has its own CFO. CFO estimation, in this case, becomes a mul-
tiple-parameter estimation problem.

CFO estimation in the OFDMA uplink is closely related to the
subcarrier-assignment scheme adopted by the system. There
are two major subcarrier-assignment schemes [8], subband
based and interleaved. The former, subband-based subcarrier
assignment, divides the whole bandwidth into small continuous
subbands, and each user is assigned to one or several sub-
bands, similar to traditional FDMA. In the latter, interleaved
subcarrier assignment, subcarriers assigned to different users
are interleaved over the whole bandwidth.

CFO estimation in the uplink of subband-based OFDMA sys-
tems has been investigated and reported recently in [15]-[17],
where a frequency-guard band was used between subbands
so that signals from different users can be separated by filter
banks. Existing CFO-estimation algorithms that were proposed
for OFDM are applied to each single user after its signal is
isolated.

Subband-based OFDMA systems are vulnerable to fre-
quency-selective fading. In channels with a large coherent
bandwidth, several consecutive subcarriers may be subject to
deep fading at the same time, and the data transmitted over
a whole subband may not be recovered, even with coding
and interleaving. On the contrary, the interleaved subcarrier-
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assignment scheme provides maximum separation among the
subcarriers assigned to the same user, which maximizes the
frequency diversity for each user. However, the interleaved
scheme complicates CFO estimation in the OFDMA uplink,
since it minimizes the distances between subcarriers assigned
to different users. When there are frequency-synchronization
errors, signals from different users are overlapping in the time
domain by the nature of OFDMA, and interfering with each
other in the frequency domain, due to the loss of orthogonality.
In order to separate multiple users’ signals and suppress MAI,
advanced signal-processing algorithms have to be applied at
the uplink receiver, as shown in [18]. These techniques rely
on the correct estimation of each user’s CFO. Therefore, CFO
estimation is a major task in designing OFDMA receivers.

CFO estimation in the interleaved uplink of OFDMA was
studied, and a statistics-based CFO-estimation algorithm
was proposed for OFDMA, which is applicable to both sub-
band-based uplink and interleaved uplink [19]. However, the
algorithm in [19] requires collecting signal samples of many
OFDMA blocks to compute unknown parameters on the order
of the number of subcarriers, and results in a biased estimator.
When the number of subcarriers is large, such as 2048 as in
IEEE 802.16, the algorithm is computationally prohibitive.

The originality of this paper is that it investigates the CFO
estimation in the interleaved uplink of OFDMA based on the
deterministic structure of the signals. In an interleaved OFDMA
system, the signal from each user has a special periodic structure
within an OFDMA block, which can be exploited by arranging
the received signals into a matrix form to reduce the number of
unknown frequencies to the number of users. A high-resolution
signal-processing technique [20] is used to estimate the CFOs
of all involved users, deterministically using only one OFDMA
block instead of a large number of blocks, as in [19]. Since the
number of unknown parameters equals the number of users, the
algorithm is practical for OFDMA systems with a large number
of subcarriers.

This paper is organized as follows. The signal model
of OFDMA is presented in Section II. The periodic signal
structure of the interleaved OFDMA uplink is introduced in
Section III. In Section IV, the CFO-estimation problem is stated
and the proposed estimation algorithm is derived. Simulation
results are reported in Section V, and conclusions are drawn in
Section VL.

II. OFDM-BASED MULTIPLE-ACCESS OFDMA

In this section, we introduce the uplink signal model
of OFDMA. Consider an OFDMA system consisting of
N subcarriers and K users. The N subcarriers include all
available subcarriers and virtual subcarriers in the guard
band [21]. All subcarriers are sequentially indexed with
{n}, n =0,1,...,N — 1. Among the N subcarriers, the kth
user is assigned to a subset of P(¥) subcarriers with the index
set {c(k) (k), e (k()k) 1 }- The superscript (-)*) denotes the
kth user.

An OFDMA block is the signal generated by one inverse fast
Fourier transform (IFFT) operation including the cyclic prefix
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Fig. 1. Uplink OFDMA transmitter structure.

(CP). Let [X(k) X;kl), .. X(k) (y_4) be the P*) modulation
symbols the lith user W1ll transmlt during the gth OFDMA
block. For data-bearing subcarriers, the modulation symbols
are data symbols, such as phase-shift keying (PSK) or quadra-
ture amplitude modulation (QAM). For virtual subcarriers, the
modulation symbols are effectively padded zeros in IFFT. For
pilot subcarriers, the modulation symbols are pilot symbols or
training symbols for estimating the channels.

Fig. 1 illustrates the signal generation and transmission of the

kth user. The P(*) modulation symbols are first mapped into

a set of N modulation symbols, Ss(fi)./ i =0,1,...,N — 1,
according to
§) = {ﬁ&iﬁ:#> n
5. 0 otherwise

forp = 0,1,...,P*) — 1. The N symbols, {S NNT ar
modulated onto the N subcarriers via an /V-point IFFT The CP
is also added to avoid interblock interference (IBI) caused by
multipath fading. As a result, the baseband signal transmitted
from the kth user can be represented as

co N-1
‘ k
W) = Y Y S FL0)
g=—o00 =0
o P¥_1
=D > XWF w) )
g=—o0 p=0
Note F, ;(t) is given by
gy = { T ANETTmdT) g <t < (g + 1T,
Foa(t) = :
’ 0, otherwise
3)

where A f is the subcarrier spacing, 7., is the length of CP, and
T, = T+1T.,,, is the duration of one OFDMA block, T = 1/Af.

The signals are transmitted through slowly time-variant mul-
tipath fading channels, i.e., fading coefficients are assumed to
be constant during one OFDMA block. The channel between
the kth user and the uplink receiver is characterized by

Lk
S ol (r- )
(k)

where L) is the total number of paths, and a,
the complex gain and time delay of the /th path.

) (7,1) = 4)

(k)

and 7,/ are
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At the uplink receiver, the signal of one OFDMA block is the
superposition of signals from all K involved users. Assuming all
K users are synchronized in time, the received sampled signal
in the absence of noise can be written as

K L&)

Y(nT,) = Z Z al(k)(nTS)x(k) (nTS — Tl(k)) 3)

k=11=1

where T, = T'/N is the sampling interval. As we will focus on
the signal of one OFDMA block, the index g in the following
is neglected for convenience. Let HI(,k) denote the channel
frequency response on the cz(,k)th subcarrier of the kth user’s
channel during one OFDMA block. We have

(k)
. ; g (k)
H = 3" afPemizmeIarm’ ©)
=1

From (2)—(6), after the removal of CP, the remaining /N signal
samples of one OFDMA block at the uplink receiver are given

H}gk)XI()k)ejzr(c;’”Af)nTs

_ H}()k)XI()k)ej(Qﬂ/N)ncLM %)

where n = 0,1,...,N — 1.

Let Af(*) denote the CFO between the kth user and the
uplink receiver. For practical purposes, the absolute value of
Af*) is assumed to be less than the half of OFDMA subcarrier
spacing. Following [14], the presence of {A f (k)}le changes
the signal model of (7) to

p(

k) _q
T(n) =Y Do HPXWSCr NI @)
p=0

M=

>
Il

1

where ¢(F) € (=0.5,0.5) is given by

(k)
g®) _ Af ©)

= A7

and it is defined as the normalized CFO of the kth user.

III. SIGNAL STRUCTURE IN THE UPLINK OF
INTERLEAVED OFDMA SYSTEM

In this section, the signal structure at the interleaved OFDMA
uplink is presented, which will be used for CFO estimation
later. Suppose the N subcarriers are divided into ) subchan-
nels, and each subchannel has P = N/ subcarriers. For inter-
leaved subcarrier assignment, subchannel {¢q} is composed of
subcarriers with index set {¢,Q + ¢,...,(P — 1)Q + ¢}, ¢ =
0,1,...,Q — 1.

A. Single-User Signal Structure and Effective CFO

For the purpose of derivation, consider the system has only
one user k, which is assigned to subchannel {¢}. After the re-
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moval of CP, the received IV signal samples of the OFDMA
block from the kth user can be written as

P-1

k k) y (k) 52 *)yn

T )(n) - Z H}(} )Xz(i ) eI T PQ+a+€)
p=0
) = )
= JF@E N g x Wi Fm (10)
p=0

where n = 0,1,..., N — 1. It is important to note that

T® (n + P) = ej27f(q+f(k>)/Q'r(k)(n). (1)
Furthermore, we have

Y® (4 pP) = 2 @HE)RYE () (12)

where v is an integer. Equations (11) and (12) indicate that
the received IV signal samples of one OFDMA block from the
kth user, {Y®) (1)} =}, have a special periodic structure with
every P samples. Let R denote the number of periods within
the IV signal samples. We have R = N/P = Q. The number of
periods is the number of subchannels. {Y*)(n)} = can thus

be arranged into a R X P matrix

T*)(0) TE (P -1)
A _ T("’).(P) T(’“)(2‘P - 1) 13
TOW=P) o XOW -1,
And (10) can be expressed concisely as
AP = y®) {'u,(k) o (b““)w)} . (14)

In (14), ® represents the Schur product [22], or element-by-
element product. W is a P x P IFFT matrix given as

1 1 2 P—1
TS R s
W= .
i e].z«(ﬁ;fl) jQW(PLIID)(Pfl)
b — [Hl(k)ka) o x (P ch)XI(jk)} )
Also

o) = [1 pi2m ™) ej27r(Q—1)0("')]T

u®) = [1 pi2m00) /P ej27r(P—1)6("')/P:|

where the superscript ()T denotes transpose and o) is

(k)
gk — & (15)

We further define (%) as the effective CFO of the kth user. As
will be shown later, the proposed algorithm estimates the effec-
tive CFO rather than the normalized CFO directly.

Effective CFO has one important property. Different users
have distinct effective CFOs. From its definition, we can show
that if one user occupies subchannel {¢}, the range of its ef-
fective CFO is ((¢ — 0.5)/Q), (¢ + 0.5)/Q)), since the range
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of ¢*) is (—0.5,0.5). Because different users occupy different
subchannels, their effective CFOs fall in nonoverlapping ranges.

B. Multiple-User Signal Structure

From (8), at the uplink receiver, the remaining N superposed
signal samples of one OFDMA block after the removal of CP
are given by

K pP®_1
T(n):Z Z H}gk)Xék)ej(%/N)(pQw“')+£“’>)n (16)
k=1 p=0

where the kth user is assigned to subchannel {¢(*)}. In (16), we
assume signals from different users are synchronized in time at
the uplink receiver. The issue of time offsets among different
users will be discussed in Section V-C.

{Y(n)}=4 can also be arranged into a R x P matrix, A,
in the same fashion as (13). From (14) and (16), the following
relationship holds:

K
A=) AW =VsS=V{Uo (BW)} (17)
k=1

where S = U © (BW). W is the same as in (14)

uD pH)
u(z) b<2)
U= . and B =
w(F) Kxp p(x) P
V = [, 9@, ()] is a Vandermonde matrix with the
following format:
1 1 - 1
ej27r0(1> 6]’271'9(2) 6j27r9(K)

ei2m(R—1)6M)  jam(R—1)6) ei2m(R—1)§)

RXK
(18)

Finally, S is a K X P matrix, and its kth row is
EO(0), TO1),...., O (P - 1)

IV. CFO ESTIMATION ALGORITHM

In this section, we estimate the CFOs of all involved users
from the received signal samples of one OFDMA block based
on (17). There are two requirements in determining the CFO for
each user.

¢ Find K estimates Af(k), k=1,2,...,K,for Af)
e Match each A f (k) with the user it belongs to.

Due to the property of effective CFO, if subchannel {¢} is oc-
cupied by one user, there will be one and only one effective CFO
which falls into the range of ((¢ — 0.5)/Q), (¢ + 0.5)/Q)). It
is thus a simple mapping to match the estimated effective CFOs
with their corresponding users. We assume that the uplink re-
ceiver knows the number of users K, and how the subchannels
are distributed among all users. Based on (15), the estimate of
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the CFO between the uplink receiver and the user assigned to
subchannel {q¢} is derived by

Af(k) — é(k)Af — (Qé(k) _ q) Af

where Af®) £®) and §F) are the estimates of A f*), ¢®)
and 0(*) | respectively. In the following, we propose a structure-
based blind algorithm to estimate the effective CFOs of all K
involved users simultaneously.

(19)

A. A Structure-Based Estimation Algorithm

A matrix form representation of an OFDMA block observed
in noise is given by

Y=A+Z=VS+7Z (20)

where Z is a R x P additive white Gaussian noise (AWGN)
matrix. Each element of Z is a Gaussian random variable with
zero mean and variance o2.

Let y;, s;, and 2z; denote the [th column of Y, S, and Z, [ =
1,2,..., P. We have y, = Vs; + z;. The covariance matrix of
y, is given by

U =E [yy]'] = VeV + 5’1 (1)

where (-)™ represents the Hermitian operation, and E[-] means
the expectation value. In (21), ® = E[s;s]?] is the covariance
matrix of s;, and I is a R X R identity matrix.

From the definition, ¥ is a Hermitian matrix, so its eigen-
values are all positive real numbers [22]. Let Ay > Ay > -+ >
AR denote the R eigenvalues of ¥ in descending order. Let
K < R, we thus have A1 = Ag42 .o = Ap = o2
(see [20, App., R5]). Singular value decomposition (SVD) of ¥
is

¥ =[U, Uz]ﬁ)s E(J)} [g:}

where ¥, = Diag[\1,...,Ax] and X, = Diag[Ag41,...,
Ar]. Us is a R x K matrix composed of K eigenvectors
corresponding to A1, Ao, ..., A, and U, isa R x (R — K)
matrix composed of R — K eigenvectors corresponding to
AK+41,- -5 AR

Since Us; and U, are both unitary matrices, U SU;H
U.U Z‘ I. Let S denote the subspace spanned by
U.(S span(U,)) and Z denote the subspace spanned
by U, (£ = span(U.,)). S is the signal subspace of ¥, and
Z is the noise subspace. S and Z are orthogonal to each other,
and U SU? = 0. From (22), we have

v =UZU" +°U.U". (23)
Multiplying (21) and (23) by U ., respectively

U, = VOVU, + 52U,

YU, =o°U. (24)

we find V®VHU. = 0. Vandermonde matrix V is full rank
[20]. We assume users are independent and signals are generated
independently, so that covariance matrix ® is also full rank.
Hence, V& is full rank, and V*U, = 0. For each column
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of V, vy, where k = 1,..., K, we have vak = 0, and thus
{9V K correspond to the largest K local maximum of

: (25)
Jao)0-v a0
where a(f) = [1,e727?, ... e/2m(B-DIT

In (20), Yisa R x P matrlx where P is the number of
subcarriers in one subchannel. In an OFDMA system with 2048
subcarriers, if there are 16 subchannels, P = 128; if there are 32
subchannels, P = 64. In Section IV-B, diversity schemes will
be introduced where the number of columns in Y is the multiple
of P. With a large number of columns in Y, the covariance
matrix ¥ can be estimated by

P
U= —YYH Z Yyl (26)

And the estimation of U and U ,,, U s, and U . can be derived
by introducing SVD to .

In summary, the CFOs of all K users are estimated using the
signal samples of one OFDMA block as shown in the following.

Step 1) Formulate the received signal samples into matrix
form Y.

Step2) Introduce SVDto ¥ = YY™ /P to find U..

Step3) Find the largest K peaks of (25) to estimate
{0}

Step4) Calculate AfK) using (19).

Neither the channel knowledge nor the transmitted training
symbols are required in the proposed structure-based algorithm.
In this sense, the proposed algorithm is a blind method for the
estimation problem of concern.

From (25), the rank of the noise subspace Z is required to
be at least one. In other words, we assume R > K. There are
two methods for satisfying this requirement. In the first method,
the maximum number of supported users in one OFDMA block
Kpax, isset to K = Q — 1 < Q. For an OFDMA system
with @) subchannels, R = (. Hence, R > K is satisfied. In
the second method, we let K,,,x = @ and extend the length of
CP to N, + pP, where p is a positive integer. The first N,
samples are the original CP and are used to accommodate both
channel delay spreads and timing offsets among multiple users
[23]. The following 1P samples are not contaminated by IBI
from the previous OFDMA block and used by the structure-
based algorithm with the remaining N samples for estimation,
suchthat R = (N + uP)/P = Q + 1 > Kpax.

In terms of the subspace-based analysis, the proposed al-
gorithm is similar to the methods used in multiple signal
classification (MUSIC) [24] and estimation of signal param-
eters by rotational invariance techniques (ESPRIT) [25]. In
[19], MUSIC and ESPRIT were used in a statistics-based
algorithm to estimate the CFOs in the uplink of OFDMA,
in which the number of unknown parameters is equal to the
number of subcarriers in the system. Therefore, its application
is confined to OFDMA with a limited number of subcarriers.
Furthermore, since one user occupies a set of subcarriers, the
statistics-based algorithm will give an estimate of its CFO per
subcarrier. Combining of the estimates from the subcarriers
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is inevitable for each user to give the final estimation, and
the optimal combining method requires additional knowledge,
such as channel information or modulation symbols [26].

Unlike the statistics-based algorithm, the structure-based
algorithm proposed in this paper takes advantage of the inner
algebraic structure of interleaved OFDMA signals in one
OFDMA block, i.e., the periodic property of each user’s signal,
such that it only estimates one CFO for each user, regardless
of the number of subcarriers one user occupies. It is compu-
tationally efficient for OFDMA systems with large subcarrier
size. Secondly, it is applicable to the environment where system
parameters or channel conditions are changing from block to
block, in which the statistics-based algorithm is not feasible. In
Section V, we will show the accuracy of the structure-based al-
gorithm is also better than that of the statistics-based algorithm
in [19].

B. Estimation With Diversity

In the above, only one OFDMA block is used in the struc-
ture-based algorithm. Under moderate or high SNR, the signal
samples of one OFDMA block are sufficient for accurate CFO
estimation, as will be shown later in simulation results. How-
ever, due to the limited samples, the covariance matrix of the
sampled noise is not ideally diagonal. Under low SNR condi-
tions, this will degrade the performance of the proposed estima-
tion algorithm.

Diversity schemes can be applied to increase the amount of
signal samples, as well as the amount of noise samples, for
estimation purposes. If the diversity scheme is selected such that
all noise samples are uncorrelated, the effect of the noise is closer
to that of ideal white noise, and the performance of the structure-
based estimation algorithm is thus improved. Estimation using
multiple OFDMA blocks [27] and multiple receive antennas
[28] are two feasible diversity schemes. Oversampling is not
appropriate, since it samples the received signals using a
rate higher than the Nyquist rate and introduces correlation
among noise samples. This leads to colored noise. In fact,
subspace-based methods perform poorly when the noise is not
white [20].

Let {m}M_, denote the index of received OFDMA blocks
In the multiple OFDMA block-diversity scheme, {Y, },,—; are
the consecutive OFDMA blocks received by the uplink recewer
In the multiple receive-antenna diversity scheme, Y, denotes
the signal matrix of the OFDMA block received from the mth
antenna. We have

Y.n=VSy+Zn 27)

where S,,, is the same as the S defined in (17), except that the
subscript (), is the index of the OFDMA block, and Z,, is
the noise matrix sampled in the mth OFDMA block. Define

Y =[Y: Y2 --- Y] We have
Y=VS+Z (28)
where S = [Sl SQ S]\[] andZ = [Z1 Zg ZM]

Let ¥ = YY" /P. Applying the proposed algorithm to ¥,
we will show the improvement of the estimation performance
through simulation in Section V.
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Fig. 2. CP and uplink receiver FFT window.

C. Estimation in the Presence of Time Offset

In the above, we assume that all users are time synchronized.
In a practical wireless environment, OFDMA blocks from dis-
tinct users are offset with each other when they arrive at the up-
link receiver, due to their different propagation delays. The time
offsets among users will introduce IBI and degrade the perfor-
mance of OFDMA.

A common way to compensate for the time offsets among
users is to select the length of the CP to accommodate both the
maximum channel delay spread and the maximum time offset
[23]. This is shown in Fig. 2. The CP is composed of two parts,
as Nop = Nen + Nioge, where Ny, is the portion of the CP
for accommodating channel delay spreads, while the additional
Niog samples are intended for accommodating different time
offsets among users. The vertical line on the left of Fig. 2 is
the starting point of an OFDMA block at the uplink receiver.
OFDMA blocks from distinct users arrive at the receiver with
different delays. If Ny is selected to be the maximum possible
delay among all users, and the uplink receiver FFT demodula-
tion window starts from the zero position as in Fig. 2, the N
superposed signal samples that in the window are immune to
IBI. An approach in which N;.g is shorter than the maximum
time delay was introduced in [29] to increase the efficiency and
minimize the residual interference.

Based on the aforementioned technique, we assume that the
N superposed signal samples that the uplink receiver used for
FFT demodulation, {Y'(n)} -}, are not contaminated by IBI.
Let d*) denote the delay time between the kth user and the
uplink receiver, in terms of the number of signal samples and
{Y®) (n)}N_ denote the N signal samples from the kth user
that contribute to {Y'(n)}2_;'. We have

pP-1
T/ () = Z H}gk)Xék)eJ‘%(pQ+q>(n—d‘k>)ej%T“s<“>n
p=0

— o @n/N)EW M) (k) (n _ d(k)) (29)

where . = 0,1,...,N — 1 and T(*)(n) is defined in (10).
Similar to (11) and (12), through simple derivations we have
Y'®) (n + v P) = 3270 v7(K) (1), which means the periodic
structure still exists in {Y’(*)(n)} Y= ! Therefore, the proposed

structure-based algorithm is applicable when signals from dif-
ferent users arrive at the uplink receiver asynchronously.

V. SIMULATION RESULTS

In this section, we provide the simulation results of the pro-
posed structure-based estimation algorithm.
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A. System Scenario and Channel Model

The transmission parameters of the OFDMA system in our
simulation are selected from IEEE 802.16a [6]. The uplink
bandwidth (BW) is 20 MHz, and the FFT size is N = 2048.
The sampling frequency Fj is determined by Fy = BW - 8/7,
hence, the subcarrier spacing A f is 11.16 kHz and T = 89.6 us.
Within the 2048 subcarriers, there are 176 virtual subcarriers on
the left-side band and 175 on the right. The length of a period
within one OFDMA block is determined by the configuration
of subchannels. If the 2048 subcarriers are divided into 16 sub-
channels, the length of a period is 5.6 us; for 32 subchannels,
it is 2.8 pus. The CP is composed of 256 samples, where the
first 128 samples are the original CP portion for mitigating
the channel delay spreads and the time offsets among users.
The remaining 128 samples are used by the proposed CFO
estimation algorithm, such that R > K.« and K. = @ in
the following simulations.

The time-varying multipath channel in the simulation is de-
scribed in (4). The probability distribution for the delay lags is

\_ J1/D, ifr€0,D]

i) = { 0, otherwise

where D is the maximum path delay in terms of sample intervals
and 7; can be a noninteger value. The power-delay profile of «;
is [30]

—7/Trms

nr = Ce

where C' is the average power of the first path.

In the simulations, the maximum number of fading paths for
each user is six. In each Monte Carlo test, L) is a randomly
generated integer between [1, 6] for each user. C' is set to be 1
and 7,ms 1 1.4 ps. The simulated channels also included the ef-
fect of the pulse-shaping filters at both the transmitter and the
receiver, which are square root-raised cosine filters. The combi-
nation of the maximum channel length and the maximum time
offset among users is no longer than 128 sample intervals.

B. Algorithm Performance

The performance of the effective CFO estimation determines
the accuracy of the CFO estimation. In Fig. 3, we show the mean
square error (MSE) performance of the effective CFO estima-
tion in three different cases, and compare them with the corre-
sponding Cramér—Rao bounds (CRB). The multiuser CRB of
the estimation algorithm is given in [31, eq. (4.6)]. Each user’s
CRB depends on its CFO and subchannel allocation, the total
number of users, and the CFO of its neighboring users. For
illustration purposes, we assume the systems are fully loaded
(K = Q) in all three cases shown in Fig. 3, and each user has
the same amount of CFO, which is set as £ = 0.2. Thus, the
CRB of each user is the same. The MSE of the effective CFO
estimation is determined by

;LK N
3 -]

p=1k=1

(30)

where éﬁk) is the estimation of effective CFO of the kth user
at the pth Monte Carlo simulation, and II is the total number
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Fig. 3.
CRB.

MSE performance of effective CFO estimation compared with the

of Monte Carlo tests. From the figure, when Q = 16, the es-
timation is optimal even without diversity schemes; while for
@ = 32, the four-times diversity case outperforms the no-diver-
sity case, since its MSE curve is much closer to the CRB. For
all three cases, the MSE curves of the effective CFO estimation
approach their best performance for SNR greater than —6 dB.

To quantify the performance of the CFO estimation, the nor-
malized root mean square error (RMSE) of the estimates is used,
and it is defined as

I K

r 2 ¢ -

p=1k=1

: *)]?
Normalized RMSE = P ] (31)

where K is the nqmber of users, II is the total number of Monte
Carlo tests, and E,()k) is the estimate of ¢ ;k). The subscript (-),
denotes the index of the Monte Carlo test. In each Monte Carlo
test, we randomly generate a CFO and a multipath channel
for each user. The normalized RMSE is computed after aver-
aging over all participating users for 400 independent Monte
Carlo tests. All user data symbols were independent quater-
nary (Q)PSK symbols. The SNR of the kth user is defined as
SNR®) = B[|T®) (n)|2]/02.

Example 1: In this example, we applied the proposed struc-
ture-based algorithm using the signal samples of one OFDMA
block. All SNR(k), k=1,2,..., K are assumed to be same at
the uplink receiver, and each user only occupies one subchannel
in one OFDMA block. First, we divided the 2048 subcarriers
into 16 subchannels and calculated the normalized RMSE of
the estimation algorithm for K = 4, 8, 12, respectively. The re-
sults are presented in Fig. 4(a). In Fig. 4(b), the 2048 subcarriers
were divided into 32 subchannels, and the normalized RMSE is
plotted for K = 16, 20, 24, respectively.

We observe that the normalized RMSE of the proposed algo-
rithm increases when the number of users in one OFDMA block
increases. If the OFDMA system is operating in moderate or
high SNR (10 dB or higher), the normalized RMSE of the pro-
posed algorithm is less than 1% of the subcarrier spacing. If the
uplink receiver SNR is low, such as 3 dB, the normalized RMSE
is only around 2% of the subcarrier spacing. The sensitivity of
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Fig. 4. Normalized RMSE vs. SNR when a different number of users are
present in one OFDMA block. (a) 16 subchannels, each subchannel has 128
subcarriers. (b) 32 subchannels, each subchannel has 64 subcarriers.

the OFDMA system to CFO depends on SNR. The system per-
formance degradation is more serious under high SNR than low
SNR when the same amount of normalized CFO is presented
[8], [14]. In fact, when the receiver SNR of the OFDMA system
is lower than 10 dB, the system degradation caused by CFO
smaller than 5% is less than 1 dB in output SNR [8].

The estimation error for a single user, e(*) = £*) — ¢(®) jp
each simulation test is also recorded, and its distribution in dif-
ferent cases are presented in Fig. 5. It is possible that, in one
simulation test, the estimates for a few users may have large
errors, such as 10% of the subcarrier spacing, while the estima-
tion errors for the other users in the same OFDMA block are less
than 1% of the subcarrier spacing. From Fig. 5, we observed that
when the receiver SNR increases, the distribution of estimation
error € is more centralized.

Particularly, the estimated effective CFO of a user at sub-
channel {q} may exceed the range of ((¢ — 0.5)/Q), (¢ +
0.5)/Q)] under low SNR. This kind of estimation error is
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TABLE 1

MISMATCH PROBABILITY

Q, K | Mismatch Probability

No Diversity SNR=3 dB SNR=6 dB SNR=9 dB
Q=16 K=8 0.67% 0.27% 0.16%
K =12 1.27% 0.92% 0.32%
Q=232 K =20 4.86% 4.31% 0.91%
K=24 6.66% 4.48% 3.37%

With Diversity sNr=3dB) | No diversity | 2X diversity | 4X diversity
Q=16 K =12 1.27% 0.63% 0.42%
Q=32 K=24 6.66% 1.92% 0.96%

defined as mismatch. In Table I, we collected the probability
of mismatch observed from the simulation. Notice that when
24 users are simultaneously transmitting signals in an OFDMA
system with 32 subchannels, the mismatch probability is
relatively high if the SNR is low. This can be alleviated by
incorporating diversity schemes, as shown below.

Example 2: In this example, we investigate the performance
of the proposed algorithm when diversity schemes are deployed
at the uplink receiver. Multiple receive antennas are applied. The
estimations are carried out using two receive antennas (4096
signal samples, diversity order 2) and four receiver antennas
(8192 signal samples, diversity order 4). The normalized RMSE
are plotted in Fig. 6(a) for 12 users in a 16-subchannels setup
and in Fig. 6(b) for 24 users in a 32-subchannels setup. The nor-
malized RMSE without diversity scheme (2048 signal samples)
are also plotted in each case for comparison.

As expected, the mismatch probability of the proposed algo-
rithm decreases when diversity schemes are adopted and the re-
sults are also listed in Table I. Note that in the case of 32 sub-
channels and 24 users, the mismatch probability decreases to
0.96% when four-branch diversity is adopted under 3-dB SNR.
This indicates that the proposed algorithm is applicable for low
SNR.

Example 3: In Fig. 7, we show the change of the normal-
ized RMSE performance of the CFO estimation according to
the variation of the system load. The system load is defined
here as the ratio of the number of concurrent active users in one
OFDMA block versus the maximum number of users supported
by one block. In this simulation, it is given by = K/Kpnax
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Fig. 6. Normalized RMSE versus SNR when diversity schemes are adopted at
the uplink receiver. No diversity, 2 X diversity, and 4 X diversity are compared.
(a) 16 subchannels and 12 users. (b) 32 subchannels and 24 users.

and expressed in percentage values. From Fig. 7, the normal-
ized RMSE is a monotonically increasing function of 7, hence,
the lower the number of users in one OFDMA block, the better
the performance. The slope of the curves illustrate how fast the
performance is decreasing with the increasing of system load. It
is observed from Fig. 7 that the normalized RMSE performance
of the system with @ = 16 declines faster than the system with
Q = 32

Example 4: In this example, we illustrate the usefulness of
the estimation algorithm in terms of the receiver BER perfor-
mance improvement. Based on the estimated CFO, we adopted
the minimum mean-square error (MMSE)-synchronization al-
gorithm proposed in [18] to restore the orthogonality among
all users. The simulation results are given in Fig. 8. In order
to show the performance improvement solely resulting from
the CFO estimation and the frequency synchronization, we
select the uncoded BER as the measurement. The channel
knowledge is assumed to be perfectly known. For comparison
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Fig. 7. Normalized RMSE performance versus the system load (SNR = 5
dB). The system load is defined as the ratio of the current active users in one
OFDMA block and the maximum number of supported users in a block.
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Fig. 8. Uncoded BER performance versus the per-bit SNR. (2 = 32 and K =
24.

purposes, we also plotted the uncoded BER if there is no syn-
chronization effort. It is shown that, without synchronization
effort, the uncoded BER has an error floor bounded around
0.2. With the MMSE-synchronization algorithm based on the
estimation of CFO, the BER curves manifest a significant im-
provement. Applying diversity schemes to get more accurate
estimates of CFO, the BER performance is superior to that
without diversity schemes, as expected.

C. Comparison

In this part, we compare the performance of the proposed
structure-based estimation algorithm with that of the statistics-
based algorithm proposed in [19] in an AWGN environment.

The simulated OFDMA system has 64 subcarriers and eight
users. Each user occupies eight subcarriers in an interleaved
fashion. CP is 24, in which the first 16 samples are intended
for eliminating the effect of channel delay spread. The last eight
signal samples of CP and the remaining 64 signal samples of the

1593

| /

Statistical based algorithm

L
%)
E 10" F |
3 N Structure based algorithm
N
g 107
[e]
z
“o~ 32 blocks m
10" i —— 8 blocks
—— 16 blocks

—o— 24 blocks
—<— 32 blocks

T 1 L 1
3 6 9 12 15 18 21 24 27 30

SNR(dB)

Fig. 9. Comparison between the proposed structure-based algorithm and the
statistical-based algorithm in [19].

OFDMA compose a 9% 8 signal matrix for the structure-based
algorithm.

The statistics required by the algorithm in [19] are calculated
over 32 consecutive OFDMA blocks including CP. We simulate
the structure-based algorithm by using the first 8, 16, 24, and
all 32 OFDMA blocks, respectively. The resulting normalized
RMSE is shown in Fig. 9.

Due to the presence of bias, the normalized RMSE of the sta-
tistics-based algorithm is around three, and more or less inde-
pendent of SNR. Note that the simulation results presented in
[19] is the MSE of the estimated CFO. For fair comparison, we
presented the normalized RMSE for both algorithms, which is
the square root of the MSE multiplied by the number of subcar-
riers N. From Fig. 9, the structure-based algorithm proposed in
this paper outperforms the statistics-based algorithm.

VI. CONCLUSION

A signal structure-based deterministic estimation algorithm
is proposed in this paper for estimating the CFOs of all users
simultaneously in the uplink of OFDMA systems with the
interleaved subcarrier assignment. The inner algebraic structure
of the signals at the uplink receiver is exploited for CFO
estimation. The algorithm is computationally efficient in that
itonly requires signal samples of one OFDMA block. Simulation
results indicate that it performs well, even under low SNR
with diversity schemes. The algorithm presented here shows
great potential for OFDMA systems using the interleaved
subcarrier assignment in the uplink to reap diversity gains in
frequency-selective fading channels.
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