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Abstract— In uplink OFDMA, carrier frequency offsets (CFO)
and/or timing offsets (TO) of other users with respect to a de-
sired user can cause multiuser interference (MUI). In practi-
cal uplink OFDMA systems (e.g., IEEE 802.16e standard), ef-
fect of this MUI is made acceptably small by requiring that fre-
quency/timing alignment be achieved at the receiver with high
precision (e.g., CFO must be within 1% of the subcarrier spac-
ing and TO must be within 1/8th of the cyclic prefix duration
in IEEE 802.16¢), which is realized using complex closed-loop
frequency/timing correction between the transmitter and the re-
ceiver. An alternate open-loop approach to handle the MUI in-
duced by large CFOs and TOs is to employ interference cancel-
lation techniques at the receiver. In this paper, we first analyti-
cally characterize the degradation in the average output signal-
to-interference ratio (SIR) due to the combined effect of large
CFOs and TOs in uplink OFDMA. We then propose a paral-
lel interference canceller (PIC) for the mitigation of interference
due to CFOs and TOs in this system. We show that the proposed
PIC effectively mitigates the performance loss due to CFO/TO
induced interference in uplink OFDMA.

Keywords — Uplink OFDMA, carrier frequency offset, timing offset, im-

perfect synchronization, multiuser interference, interference cancellation.

I. INTRODUCTION

Recent research has been witnessing increased focus on or-
thogonal frequency division multiple access (OFDMA) on
the uplink [1]-[8]. Practical systems like IEEE 802.16e stan-
dard use OFDMA on the uplink [9]. The performance of up-
link OFDMA systems depend to a large extent on how well
the orthogonality among different subcarriers is maintained
at the receiver. Factors including carrier frequency offsets
(CFO) of different users induced by Doppler effects and/or
poor oscillator alignments, and timing offsets (TO) of dif-
ferent users caused by timing misalignment due to imperfect
synchronization and path delay differences between different
users can destroy the orthogonality among different subcarri-
ers and cause multiuser interference (MUI).

In order to avoid the detrimental effect of the CFO-induced
MUI, practical systems often mandate that carrier frequency
alignment be achieved at the receiver with high accuracy (e.g.,
IEEE 802.16e standard requires that the CFO be brought with-
in 1% of the subcarrier spacing [9]). Such high precision fre-
quency alignment is often realized using complex closed-loop
frequency correction between the transmitter and the receiver,
which requires feedback bandwidth.

The TOs of other users in uplink OFDMA depend on the
magnitude of the difference in path delays between the de-
sired user and the other users. A large cell radius would imply
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large TOs. The detrimental effect of TO-induced orthogonal-
ity loss can be alleviated by ¢) providing adequate guard time
(expensive in terms of throughput for large TOs), or 7¢2) use of
GPS timing (expensive in terms of hardware at the user ter-
minals), or #47) closed-loop timing correction techniques (ex-
pensive in terms of feedback bandwidth). IEEE 802.16e stan-
dard, for example, mandates that the TO be brought within
1/8th of the cyclic prefix duration [9], and this necessitates
the use of closed-loop timing correction approach.

An alternate open-loop approach to handle the effects of large
CFOs and TOs in uplink OFDMA is to employ interference
cancelling (IC) receivers at the base station. An ability to
handle large CFOs and TOs using IC techniques can allow
low-cost transmit oscillators to be used at all user terminals
in an open-loop mode, which can reduce cost and complexity.
Receivers employing the IC approach to handle the effects of
CFOs alone, assuming ideal time synchronization and sam-
pling (in other words, assuming no orthogonality loss due
to timing offsets) have been proposed in [6],[7],[8]. Several
papers have reported the effect of TOs on OFDM/OFDMA
performance [10]-[13]. These papers, however, are not con-
cerned with cancellation of interference caused by TOs in up-
link OFDMA when TOs are larger than the cyclic prefix. To
our knowledge, cancellation of interference caused by both
CFOs as well as TOs has not been reported so far. In this
paper, we first analytically characterize the degradation of
signal-to-interference ratio (SIR) at the DFT output of the re-
ceiver as a function of CFOs and TOs in uplink OFDMA.
In [11],[12] SIR expressions are derived for the case of TO
only, whereas in [13] CFO and TO are considered but only
for OFDM (not for multiuser uplink OFDMA). In addition
to our SIR analysis, we propose a parallel interference can-
celler (PIC) for mitigation of interference due to CFOs and
TOs in this system. We evaluate the bit error performance
of the PIC through simulations and show that the PIC effec-
tively mitigates the performance loss due to CFO/TO-induced
interference in uplink OFDMA.

The rest of the paper is organized as follows. In Sec. II, we
present the system model. The SIR analysis and results are
presented in Sec. III. The PIC receiver for this system and its
BER performance are presented in Sec. IV. Conclusions are
given in Sec. V.

II. SYSTEM MODEL

We consider an uplink OFDMA system with K users, where
each user communicates with a base station through an in-
dependent multipath channel. We assume that there are N
subcarriers in each OFDM symbol and one subcarrier can
be allocated to only one user. The information symbol for
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Fig. 1. Different timing misalignment scenarios in single user OFDM. Only self interferences.

the ith user on the kth subcarrier is denoted by X (i), k €
S;, where S; is the set of subcarriers assigned to user ¢ and

12
EHX,S)‘ } —1. Then, U¥, S: = {0,1,...,N — 1} and
Si(S; = ¢, fori # j. The length of the cyclic prefix added
is N, sampling periods', and is assumed to be longer than the
maximum channel delay spread normalized by the sampling
period, L, (i.e., N, > L). After IDFT processing and cyclic
prefix insertion at the transmitter, the time-domain sequence

of the ith user, mﬁf ), is given by

a;ﬁf):NZX,i)e”N", ~N,<n<N-1 (1)
kesS;

The 7th user’s signal at the receiver input, after passing through
the channel, is given by

@)

where x denotes linear convolution and hgf ) is the ith user’s
. . OF i
channel impulse response. It is assumed that h;,”’ is non-zero
only forn = 0,..., L—1, and that all users’ channels are sta-
tistically independent. We assume that hgf )’s are ii.d. com-
plex Gaussian with zero mean and £ ({,) 2} = B[ (n{%) 2}

s,(f) = ng) * hgf),

= 1/2L, where h,Ei)I and hff 7)Q are the real and imaginary parts
of hgf ). The channel coefficient in frequency-domain H ,gi) is
given by

ILet T denote one OFDM symbol period including the cyclic prefix dura-

tion. Then Ts = ﬁ denotes one sampling period.
g

—j2mnk
N

N it 2
7 =3 he } ~ 1
n=0

Let ¢;,7 = 1,2,--- , K denote ith user’s residual CFO nor-
malized by the subcarrier spacing, and p;,¢ = 1,2,--- | K
denote ith user’s residual TO in number of sampling peri-
ods at the receiver. The timing offsets j;’s can be positive
(u; > 0) or negative (u; < 0).

and E[ ‘H,gi)

3)

A. Cases of Timing Misalignment for ji; < 0 and p; > 0

Consider the case of TOs only (i.e., ¢; = 0, V7). For u; < 0,
depending on the magnitude of y; compared to delay spread
L and cyclic prefix duration N, interference from previous
frame data (which we refer to as Previous Frame Self Inter-
ference (PF-SI)) and inter-carrier interference due to loss of
some samples of the current frame in the processing window
(which we refer to as Current Frame Self Interference (CF-
SI)) may or may not occur. We need to consider the following
three cases for p; < 0.
e Casea): 0 < —pu; < Ny— L+1, where there will be no
loss of orthogonality, and hence there is no interference.
e Caseb): N, — L +1 < —p; < Ny, where PF-SI is
caused by some paths. The number of such paths caus-
ing PF-SI in this case will be L — [(Ng + ;) + 1]. In
addition, since up to L — [(Ny + ;) + 1] samples of
the current frame are lost in the processing window, it
results in loss of orthogonality and hence in CF-SI.
o Case c): —p; > Ny, where PF-SI is caused by all the L
paths. In addition, CF-SI also occurs due to loss of up to

L samples of the current frame. 998
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Fig. 2. Different timing misalignment scenarios in multiuser scenario.

For p; > 0, any value of p; > 0 will cause both interference
from next frame data (which we refer to as Next Frame Self
Interference (NF-SI) as well as CF-SI due to loss of some
samples in the current frame. The following two cases need
to be considered for y; > 0.

e Cased): 0 < p; < L, where NF-SI is caused by some
paths. The number of such paths causing NF-SI in this
case is L — ;. In addition, CF-SI also will occur due to
loss of up to p; samples in the current frame.

o Case e): u; > L, where NF-SI is caused by all paths.
CF-SI will occur in this case as well.

In Fig. 1, we illustrate the timing misalignment scenarios
for the above five cases a) to e) for a given user ¢ in the ab-
sence of other users, in which case the interferences are es-
sentially self interferences. In addition to the above self in-
terferences, other user interference will occur in the multiuser
case. In the multiuser case also, the same five cases apply, and
the corresponding multiuser interference (MUI) terms caused
by previous, current and next frame data symbols of other
users are denoted by Previous Frame MUI (PF-MUI), Cur-
rent Frame MUI (CF-MUI), and Next Frame MUI (NF-MUI),
respectively. In Fig. 2, we illustrate a possible time misalign-
ment scenario for the multiuser case where the desired user
is perfectly aligned (i.e., no self interferences) and the other
users are misaligned (causing PF-MUI, CF-MUI, NFE-MUI).

In the presence of both TOs as well as CFOs, additional CFO-
induced interference will be generated. When there is no TO-
induced interference on a given path, we refer to the inter-
ference generated by the desired user CFO as CFO-induced
Self Interference (CFO-SI) on that path, and those generated
by the other user CFOs as CFO-induced MUI (CFO-MUI) on
that path. On all the paths that experience TO-induced in-
terferences, non-zero CFOs (i.e., €;’s) will affect PF-SI/MUI,
CF-SI/MUI and NF-SI/MUL.

ITI. SIR ANALYSIS
In this section, we present the received signal expressions at
the output of the DFT for the various TO cases a) to e) in the
presence of CFOs, and obtain expressions for the output SIR.

Casea): j; < 0,0 < —py < Ny —L+1, and ¢; > 0:

In this case, there is no TO-induced interference on all paths
of all users, but there is CFO-induced interference (i.e., CFO-
SI/MUI). The output of the DFT block of the desired user d

on the kth subcarrier, Yk(d), due to signals from all the users
over all the paths can be derived as

;27wdk

() _ (d) (), ~I3rHE (d)
v\ = Zh

Desired signal

L—-1

jQWJ\!Iqu Z hl(d>e 7]'12\[7\'1(1 1_“(;}?

+ Z X(gd)e

qeSy 1=0
q#k
CFO-SI
N L-1 .
+ Y XPe W z®, @
q€S;.j#d 1=0
CFO-MUI
where
N7

727”1(:1-%—61—1»)
Z e 5)

Caseb) p; <0, Ng — L+ 1< —u; < Ng, and ¢; > 0: Since
some of the paths do not experience TO-induced interference
and the remaining paths experience interference from previ-
ous frame in this case, there will be PF-SI/MUI, CF-SI/MUI,
and CFO-SI/MUI. The DFT output of the desired user d on
the kth subcarrier in this case can be derived as

@ ) 27k ()
Yk = Xk e N Zhl
=0

ﬂzﬂzrc

(d)(l)

Desired signal

L—1
4y d27Rgaq d ]27rlk: a)(1
+ 3 xPe T Y Al riyw
qESy 1=0
q#k

CF-SI, CFO-SI

—i2xlg | (5)(1)
e N Fq7k

+ 2
qeS; =0
J#d

CF-MUI, CFO-MUI

(d)(p) 22mrdt+Ngla = (d) =i2mla (d)(1)
+ 3 X e > WUeTN o
qESy I=Ng+pg+1
PF-SI

) j2m(pg+Ngla
N

L—1
) N —joml .
+ 3 xPPe S aDeF WO 4 2D (6)

4€S; I=Ng+ug+1
j#d
PF-MUI
where Xéj )®) is the previous frame data symbol of the jth

user on the gth subcarrier, and F(i)(l)

pgi’(l)—0f0r0<l<N + pi. For I > N, +uz,1"( O

and pék)()

is given by (5) and

are given by 999
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N-1 ‘
oo _ 1 32mn(ate;—k)
S D P N
n=—p;—Ng+1
—pi—Ng—1+1
i 1 J2mn(gte;—k)
pfzk)(l) = N Z e N . (8)
n=0

Case c): p; <0, —p; > Ny, and €; > 0. Since all paths ex-
perience interference from previous frame in this case, there
will be PF-SI/MUI and CF-SI/MUI. The DFT output of the

desired user d on the kth subcarrier in this case is derived as
L—1

j2mpgk —j2nlk
YO = XSRS p@ TR0
1=0

Desired signal

+ Z X(d> Jj2 Wudq Zh(d) —JZW[QF(d)
q€Sy —
q#k
CF-SI
(@), 2N R (@) =i2r (4
LY X O
qeSy =
PF-SI
+ 3 X{Pe —72”’qr(y><1)
qES; =0
ird
CF—MUI
]2W(Hd+N )q N —j2ml
+ Z XJ)(P) = Zth)e 1org + Zlid)’ 9)
€5, =0
ed
PF-MUI
(@)1 (&) (@) : .
where I' /* and p ;" are given by (7) and (8), respectively,

and Z lgd) is the noise term.

Case d): p; > 0,0 < p; < L, and €¢; > 0: This case is
similar to Case b) except that there will be interference from
next frame instead of previous frame. That is, there will be
NE-SI/MUI, CF-SI/MUI, and CFO-SI/MUI in this case.

Defining, for0 <1 < p; — 1,

N—-1
@ 1 2mn(atei k)
g = = e i (10)
N n=N—p;+l
N=l—p;+l
I0) 1 d2mn(ate;—k)
e =N e N, an
N n=0
and, for [ > p;,
N—
727”7((1+e —k) ;
W=y

the DFT output of the desired user d on the kth subcarrier in
this case can be derived as

L—-1
4) I2mmrgk 4) —d2mlk cavor
XPe NN PN )0

=0

v

Desired signal

L—-1
J271qq —j2nl
+ 30 XDeTFE Y p@e TR OO

gE€Sy =0
aF#k
CF-SI, CFO-SI
(d)(n) ML_I (d) —j2rlg (d)(1)
T D Dl !
qeSy =0
NF-SI
—gQﬂ'lq 1
C(J)( )
(IES
itd

CF-MUI, CFO-MUI

. j2m(Ng—pj)q —jonl
+ Z Xé])(") g Rt Zh(J) - ‘15(])(1) + Z (13)
q€ES; =0
i#d
NF-MUI
where ng )(") is the next frame data symbol of the jth user

on the ¢th subcarrier.

Case e): p; > 0, u; > L, and ¢; > 0: Since all paths
experience interference from next frame in this case, there
will be NF-SI/MUI and CF-SI/MUI. The DFT output of the
desired user d on the kth subcarrier in this case is derived as

J2mpgk —j2nlk
XSS S 0 = o
=0

v, @

Desired signal

iomn L—1
£y X@IHE S 0,

qESy =0
a#k

—127l9(d)(1)
N qu

CF-SI

) ZBmNg—r)a N (g =i2xla ()0
e N th e N &y

+ Y X

g€Sq 1=0
NF-SI
—]27rlq 1
+ Z 4(])( )
qE€S; =0
Jj#d
CF—MUI

—J ‘fr(Nq —J2m(Ng—pjla J27rlq

+ 3 XP0e Zha) DO 4 7 (1)
€S, =
qj¢d

NF-MUI

where f((IQ(l) and C;Z,)(l) are given by (10) and (11), respec-
tively.

A. SIR Expressions

From the DFT output expressions in the above for the five
different cases of timing misalignment, the expressions for
the average SIR at the output of the DFT, with no noise, can
be derived to be as follows. We denote the average f)(%gut
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SIR of the desired user d on the kth subcarrier for the time
misalignment Case A\, A € {ab,c,d,e} as (ﬁf))k, which
can be written in the following form

(d) - A
(SIR ))\ " B\+CO\+Dy+Ey’ (13

o For the misalignment Case a),

L—1
B, = Z Z F(d)(l)

= @0
d) (1l
Aa:§j‘rkk ’

qk ’
1=0 q€Sy 1=0
q#k
JW) , D,=0, and E, =0,
QES =
J#d
where F((ng)(l) is given by (5).

o For the misalignment Case b)

ney Y

L—-1 2
A=Y [0
1=0

qe€Sy 1=0
q#k
L—1
l d)(l
=3 SR mm 3 Sl
a€S; 1=0 €Sy 1=0
J;éd a#k
Ho?
= Z Par |
'-IES =
J#d

where F((Ilk)(l) for 0 < 1 < Ny + py; is given by (5), and
Fl(;k)(l) and p((;k)(l) for Ny + p; <1 < L —1 are given by
(7) and (8), respectively.

o For the misalignment Case c), the terms in the numera-
tor and denominator in (15) are same as that of Case b)
in the above, except that for all [, Fl(;,g(l) nd pf;k)(l) are
given by (7) and (8), respectively.

o For the misalignment Case d),

L—1 2 L—1
d)(l
a= [ m- 3 S
1=0 qe;kd 1=0
3

o= X X[

qES =0
j#d

L—-1
Da= > >,
a€Sq 1=0

q#k

§<J><1> 2

qu =0

J
where, for 0 < [ < p; — 1, ngk)(l) and Céz)(l) are given
by (10) and (11), respectively, and for p; <1 < L —1
they are given by (12).

o For the misalignment Case ¢), the terms in the numera-
tor and denominator in (15) are same as that of Case d)
in the above, except that for all [, féi)(” and Céfc)(l) are
given by (10) and (11), respectively.

B. SIR Results and Discussions

We computed the average SIR at the DFT output given by
the expressions in the previous subsection and plotted them
in Figs. 3 and 4. In Fig. 3, a single user with CFO ¢, and TO
w is considered, and in Fig. 4, four users (K = 4) with dif-
ferent CFOs ¢;’s and TOs p;’s are considered. Other system
parameters used are: N = 64, L = 10, N, = 12.

40

T T T
N=64,L=10,Ng=12 ——£=0

No noise

—— €=0.1

30

20

SIR at the DFT output (dB)

0 E P
-40 -30 -20 -10 0 10 20 30 40
Time offset, u

Fig. 3. SIR at the output of the DFT in single user OFDM with CFO, ¢, and
TO, u. N = 64, L = 10, Ny = 12, no noise. Analytical results matched
with simulation results.

Fig. 3 shows the output SIR as a function of x4 for different
values of € = 0,0.1,0.2,0.3. We have verified these analyti-
cal plots using simulations also. We found the analytical re-
sults to match closely with the simulation results. In the ideal
case of u = € = 0, the SIR is infinite (since no noise), and for
non-zero . and €, SIR degrades due to the various self inter-
ference terms caused by CFO and TO. Note that even in the
case of perfect timing alignment (i.e., ; = 0), SIR degrada-
tion happens due to non-zero frequency offset (¢ # 0). Also,
in the case of perfect frequency alignment (¢ = 0), SIR de-
grades due to imperfect timing alignment (. # 0). While the
SIR starts degrading for ;¢ = 1 itself due to NF-SI in case of
1 > 0, there is no SIR degradation due to negative time offset
up to —(Ny — L + 1) (i.e., up to p = —3 in this example)
since PF-SI gets introduced only for 1 < —(Ny — L + 1).
In Fig. 4, we plot the SIR degradation due to multiuser inter-
ference caused due to other user signals. Here, we take the
desired user 1 to be perfectly aligned in time and frequency
(i.e., 41 = €1 = 0), and the remaining three users to have
the same offsets (i.e., e = €3 = €4 and po = pus = pq).
It can be seen that there is significant loss in output SIR in
the multiuser case because of the additional MUI terms gen-
erated. We further observe that this SIR degradation due to
CFOs and TOs can be alleviated using interference cancel-
lation techniques, an example of which is illustrated in the
following section.

IV. PIC RECEIVER

The large CFO/TO received signal model employed in the
analysis of the previous section can be used in the cancella-
tion of the CFO- and TO-induced interferences. In particular,
multistage PIC receivers can be devised using estimates of
the present and previous data symbols of the desired as well
as the other users.

Figure 5 shows the proposed PIC receiver for cancelling the
CFO- and TO-induced interferences. The receiver first per-
forms CFO compensation (by multiplying the received sig-
nal with exp(—j2mé;n/N), where €; is an estimate of ¢;, fol-
lowed by DFT operation and multistage interference cancel-
1001
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Fig. 4. SIR at the output of the DFT in multiuser uplink OFDMA with

CFOs and TOs. K = 4, N = 64, L = 10, Ny = 12, block allocation
of subcarriers, €1 = 1 = 0, €2 = €3 = €4, l2 = M3 = [t4, NO NOiSE.
Analytical results matched with simulation results.

lation. Estimates of the current and previous data symbols

on all subcarriers at the DFT output (X ,il)’s and X ,gz)(p )’s)
are made, which, along with the estimates of the channel co-
efficients, are then used to reconstruct the interference terms.
The reconstructed interference terms are then subtracted from
the received signal. These steps are repeated in multiple stages
of cancellation.

In Fig. 6, we present the BER performance of the 2nd and 3rd
stages of the PIC receiver in an uplink OFDMA system with
K =4, N = 16, block allocation of equal-power subcarri-
ers, L = 2, Ny = 4, and BPSK modulation. The TOs and
CFOs considered are [u1, f12, i3, 4] = [—6, —8, =10, —12]
and [e1,€2,€3,€64] = [—0.1,0.3,0.25, —0.15]. We assume
perfect estimates of ¢;’s, 1;’s, and channel coefficients in the
simulations. The performance of the MF detector (no cancel-
lation) as well as no interference performance are also plotted
for comparison. It can be observed that the PIC receiver ef-
fectively cancels the CFO- and TO-induced interferences.

V. CONCLUSIONS

We analytically characterized the degradation in the average
output SIR due to large CFOs and TOs in uplink OFDMA.
We presented a PIC receiver that effectively cancelled the in-
terferences caused by CFOs and TOs. The proposed PIC ap-
proach to handle CFOs and TOs in uplink OFDMA can allow
the use of low-cost transmit oscillators in all user terminals in
an open-loop mode, which in turn can reduce user terminal
cost and complexity.
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