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Abstract— In this paper, we present a comparison between the
sensitivity of SC-FDMA and OFDMA schemes to large carrier
frequency offsets (CFO) and timing offsets (TO) of different users
on the uplink. Our study shows the following observations: 1)
In the ideal case of zero CFOs and TOs (i.e., perfect synchro-
nization), the uncoded BER performance of SC-FDMA with fre-
quency domain MMSE equalizer is better than that of OFDMA
due to the inherent frequency diversity that is possible in SC-
FDMA. Also, because of inter-symbol interference in SC-FDMA,
the performance of SC-FDMA with MMSE equalizer can be fur-
ther improved by using low-complexity interference cancellation
(IC) techniques. 2) In the presence of large CFOs and TOs,
significant multiuser interference (MUI) gets introduced, and
hence the performance of SC-FDMA with MMSE equalizer can
get worse than that of OFDMA. However, the performance ad-
vantage of SC-FDMA with MMSE equalizer over OFDMA (due
to the potential for frequency diversity benefit in SC-FDMA)
can be restored by adopting multistage IC techniques, using the
knowledge of CFOs and TOs of different users at the receiver.
Keywords — SC-FDMA, OFDMA, carrier frequency offset, timing offset,

multiuser interference, interference cancellation.

I. INTRODUCTION

In order to alleviate the peak-to-average power ratio (PAPR)
problem encountered in uplink OFDMA (orthogonal frequen-
cy division multiple access [1]), SC-FDMA (single carrier
frequency division multiple access [2]-[4]) has been adopted
for uplink transmission in UTRA LTE [5]-[7]. Another draw-
back in OFDMA is its inherent loss of frequency diversity,
which can be alleviated by using some form of precoding.
SC-FDMA can be viewed as a precoded OFDMA scheme,
where the precoding is done by means of a DFT matrix. This
M-point DFT precoding operation at the transmitter results
in all M data symbols of a user to be mounted on all its M
subcarriers, and with independent fades on these subcarriers,
achieving frequency diversity becomes possible. With ap-
propriate frequency domain equalization at the receiver (e.g.,
MMSE equalizer), SC-FDMA can achieve performance gains
due to frequency diversity. In addition to providing low PAPR
compared to OFDMA and frequency diversity, SC-FDMA al-
lows flexible sharing of spectrum between different users.

With the adoption of SC-FDMA in UTRA LTE, studies con-
cerning different aspects of SC-FDMA are increasingly being
reported in the recent literature [8]-[12]. A simulated coded
block error rate performance comparison between SC-FDMA
with frequency domain MMSE equalization and OFDMA,
evaluated for various modulation and coding sets specified in
UTRA LTE, is presented in [8]; OFDMA is shown to perform
better than SC-FDMA for some modulation and coding sets.
Subsequently, the same authors, in [9], proposed a iterative
equalization and decoding (turbo equalization) scheme, and
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showed that SC-FDMA with turbo equalizer performed better
than (or same as) OFDMA for all modulation and coding sets
considered. On a similar line, the authors in [10] proposed a
soft-output trellis based equalizer that takes into account the
cyclic inter-symbol interference (ISI) structure arising in SC-
FDMA, and showed that SC-FDMA with trellis based equal-
izer performed better than SC-FDMA with MMSE equaliza-
tion. An approximate performance analysis of the BER of
SC-FDMA with frequency domain equalization is presented
in [11]. In [12], a PAPR and BER performance compari-
son between SC-FDMA, OFDMA and Walsh-Hadamard pre-
coded OFDMA is presented, where the PAPR advantage of
SC-FDMA in the presence of power amplifier non-linearity
has been analyzed.

In the above papers on SC-FDMA, perfect frequency and
timing alignment has been assumed. However, as in uplink
OFDMA [13], carrier frequency offsets (CFO) and timing
offsets (TO) are encountered in SC-FDMA as well; CFOs
are induced by Doppler effects and/or poor oscillator align-
ments, and TOs are caused due to path delay differences be-
tween different users and imperfect timing synchronization.
Large CFOs and TOs can cause significant multiuser interfer-
ence (MUI) in uplink OFDMA' and SC-FDMA. Sensitivity
of OFDMA performance to CFOs and TOs has been reported
in the literature [16]; also, interference canceling receivers
to alleviate the detrimental effects of large CFOs/TOs in up-
link OFDMA have been proposed [13]-[16]. However, to our
knowledge, such a CFO/TO sensitivity study has not been re-
ported so far for SC-FDMA. It is of interest to compare the
performance of SC-FDMA with that of OFDMA in the pres-
ence of large CFOs and TOs, which forms the main focus of
this paper. Our contributions in this paper can be summarized
as follows: 1) we derive analytical expressions for the various
CFO/TO induced interferences in SC-FDMA, 2) using these
expressions, we devise a multistage parallel interference can-
celler (PIC) that enables to recover the frequency diversity ef-
fect that is lost due to the CFO/TO induced interferences, and
3) our simulation results show that, in the presence of large
CFOs and TOs, because of significant MUI introduced due
to CFOs/TOs, the performance of SC-FDMA with MMSE
equalizer can get worse than that of OFDMA; however, the
performance advantage of SC-FDMA over OFDMA (due to
the potential for frequency diversity benefit in SC-FDMA)
can be restored by the proposed PIC receiver.

Mn practice, the detrimental effects of CFOs and TOs in uplink OFDMA
are avoided through tight closed-loop frequency/timing correction between
the mobile transmitters and the base station (BS) receiver [17]. An alternate
approach to handle CFO/TO effects is to use interference cancellation at BS
receiver, which can save on feedback bandwidth and oscillator cost [13]-[15].
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II. SYSTEM MODEL

We consider a system with K users and N subcarriers. M
subcarriers, M = N/K, are allocated to each user where
each subcarrier is allocated to only one user, either in con-
tiguous blocks (block allocation), or in an interleaved fashion
(interleaved allocation). We consider L-path frequency se-
lective and quasi-static independent channels between users
and the BS, with each path coefficient to be an i.i.d complex
Gaussian random variable with variance % Let?

u

X = 357»171]Ta (h

[vg @i @5 -
denote the uth user’s complex data symbol frame of size M,
with each symbol z;* drawn from a QAM constellation. De-
noting the M -point DFT matrix by D?, the set of subcarriers
allocated to the wuth user by S, the subcarrier allocation ma-
trix of order N x M by A" where

1, if g € S, and input to gth subcarrier
ok = is the kth element of DM x* | )
0, ifq¢ Sy,

and the N-point IDFT matrix by DY, the output of the N-
point IDFT unit of the uth user (in Fig. 1) can be as

st = DNA'DMxv, 3)

The IDFT output vector s“ is transmitted after adding the
cyclic prefix. The length of the cyclic prefix, N,, is equal
to the delay spread of the channel, L. — 1. The transmitted
frame gets linearly convolved with the channel impulse re-
sponse (CIR) of the uth user, h*, and reaches the BS receiver.

A. Receiver with perfect carrier frequency/timing alignment

Assuming perfect timing and carrier frequency alignment (i.e.,

no CFO and TO) at the receiver, the input to the N-point DFT
at the receiver, after dropping the cyclic prefix, is given by

K
Zs“*h“—i—z“, @)

where * indicates /N-point circular convolution. The output
of the N-point DFT due to the signal from all the users can
be expressed as

K
Z HYA“DMx" 4 75, 5)

u=1

Yyr =

where H" is a diagonal matrix of order N x N with
L-1 I
> e R ©)
n=0

and z is the output noise vector due to the input noise vec-
tor, ZuK:1 z". Denoting the variances of the signal and noise

2We use boldface small letters to represent vectors, and boldface capital
letters to represent matrices. We refer to a general user as uth user and the
desired user as vth user. (.)* and (.)7 denote the conjugate and transpose
operation, respectively

by o2 and o2, respectively, at the output of N-point DFT,
the frequency domain MMSE equalizer [3] of uth user is a
diagonal matrix H" of order N x N with
= (H )"
Hiv = e o @
|Hk,k| o2

Defining A* = [A*]7 as the deallocation matrix of uth user,
the input to the M -point IDFT of the vth user is

— A'H" (H”A”DM vy Z H“A"DMx" + 25 ) (8)

ity
Since

ATA" = { ;J,WXM’ i)ft;l}er:w?se, ©)
for v # wu, AYH“H"A" is a null matrix, and so

= AYHY(H'A'DYX'4zp).  (10)

Denoting the M-point IDFT matrix by D, the output of
M-point IDFT of the vth user is

% = ]SAIAUﬁvHvAUDM xV 4 ]F:V)J\/IAUIF_VIUZF. (11)

2 g
In (11), F" is a square matrix of order M x M with

M—1

1 HY, |2 j2mk(n—r
T
o HL?+ 5

n,r

where k' for the vth user is given by

k/ o ]\4(7}—1)-’—]€7
Kk+v-—1,

for block allocation,
for interleaved allocation.

13)

Due to the MMSE equalization in (7), we can see in (11)
that each symbol at the output is affected by the interference
from the other symbols of the same user, which we refer to as
MMSE-SI (MMSE self interference). Defining the diagonal
matrix AY of order M x M as

A = diag[F"], (14)

the desired signal, MMSE-SI and noise terms in (11) can be
shown separately as
SU — A’U v F’U
X x’ 4 (
Desired signal

— AV)x" + A"H"zp . (15)
N—_——
MMSE-SI Noise

Therefore, the M-point IDFT output expression for the nth
symbol of the vth user is of the form

+ Z X”F”

Desired signal 7#"

MMSE-SI
ML * j2mkn

+— Z \Hv |2+N e K e TR (16)

SU _ v
Xn - X Fn n

Noise
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N =256, K = N/M, 4-QAM
No CFO/TO

——— (1):SC-FDMA, M=4, L=4
‘‘‘‘‘ (2):SC-FDMA, M=4, L=8
—#— SC-FDMA, M=8, L=4
107°| - —*— - SC-FDMA, M=8, L=8

(3):SC-FDMA, M=32, L=4

—+— (5):SC-FDMA, M=32, L=8
—&— (4):SC-FDMA, M=256,L=4
- —O- - (6):SC-FDMA, M=256, L=8 )
0 5 10 15
Average SNR (dB)

Fig. 1. Comparison of uncoded BER performance of SC-FDMA and
OFDMA with no CFO and TO. N = 256, M = 4,8,32,256, K = N/M,
L = 4,8, 4-QAM, and interleaved allocation, SC-FDMA outperforms
OFDMA due its frequency diversity advantage.

Bit Error Rate
S

In (16), we can see that uplink SC-FDMA with MMSE equal-
izer is providing frequency diversity and its BER performance
can be improved by doing one or more of the following: 1)
Increasing M which increases the number of subcarriers on
which each symbol is sent. This reduces the frequency sepa-
ration between adjacent subcarriers. When the separation be-
comes less than the coherence bandwidth, the correlation be-
tween the frequency response coefficients and the number of
subcarriers causing MMSE-SI will increase causing the satu-
ration in the improvement of BER performance. 2) Increasing
the separation between the subcarriers, which can be done by
interleaved allocation. Apart from this, if L gets increased,
it makes the channel more frequency selective, thus reducing
the correlation in Hj/’s. But if the subcarriers are already
independent, increase in L will not improve the BER.

Note that the frequency domain equalized /N-point DFT out-
put for the uplink OFDMA system can be obtained from (11)
as a special case, by making D™ = DM = I,;,,; and

H), = (lej"")2 . With this substitution, F'¥ in (11) becomes
’ k,k

I5s« s and the output vector becomes

X' = x'+ A"H'zp. A7)

In (17), we can see that OFDMA does not provide any form of
diversity and is not affected by interference when the system
is perfectly synchronized.

B. SC-FDMA vs OFDMA performance under No CFO/TO

In Fig. 1, we plot the simulated uncoded BER performance
of SC-FDMA and OFDMA with the parameters given in the
figure. Figure 1 shows that the BER performance of OFDMA
remains the same for all M and L (because of no frequency
diversity in OFDMA), but in the case of SC-FDMA, for a
given M, the BER improves with increasing L (if the in-
crease in L can reduce the correlation between the frequency
response coefficients). This uncoded BER performance ad-

vantage of SC-FDMA over OFDMA is due to the inherent
frequency diversity in SC-FDMA.

III. SC-FDMA wiTH NON-ZERO CFOs AND TOs

In this section, we consider uplink SC-FDMA with imperfect
carrier/timing alignment (i.e., with non-zero CFOs and TOs).

A. Case of Non-zero CFOs and No TOs

First, consider the case with non-zero CFO and no TO (i.e.,
perfect timing). The wuth user’s CFO, normalized by the sub-
carrier spacing, is denoted by €,, 0 < ¢, < 0.5. To charac-
terize the effect of CFO on the signal received from wth user,
we define the diagonal matrix V* of order N x N with

j2meqy (n—1)
N

Vo, = e (18)

The input to the N-point DFT at the receiver, after dropping
the cyclic prefix, is

K
y = > VUs“xh")+z" (19)
u=1
The output of N-point DFT is
K
yr = ) V'H'A"DYx"+zp, (20)
u=1

where U" is a circulant matrix with

u 1 N sentcutaton
Fa= % Z P . Q21
n=0

After MMSE equalization and deallocation, the input to the
M -point IDFT of the vth user is

v — Avﬁv(qﬂl}’le AVDM v + (‘I,v _ \I’ij,lleN) HUYAYDM v
——
2900
K
+ Y wrHUAUDM X 4 zF>, 22)
u=1

utv

where HVisa N x N diagonal matrix with

ﬁ};k = (ki,k)ﬂ (23)
IHZ,kP + 5%

The M -point IDFT output of the vth user is
%V _ ﬁMAUﬁUHvAUDIV[XU
+DMAUHY (U — WY Iy n) HUA"DM xV
K
+ ﬁ]wgvﬁv Z TUH*A'DM xv + ﬁMAvﬁsz. (24)

u=1

u#v

If the vth user’s CFO is compensated at the front-end of the

receiver, ¥ becomes Iy« , and the output becomes
XV = A"+ (FY — AY)x"

Desired signal MMSE-SI

~ ~ K ~ = e

+ DMAHY ) GUHUAUDM X + DM ATH 2y, (25)

u=1

utv Noise

MUI
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where U is nothing but U" in which ¢, is replaced with
€y — €. In (25), we can see that with perfect timing and
non-zero CFOs, apart from MMSE-SI, due to the loss of or-
thogonality among the subcarriers of the desired user and the
other users, each output symbol is affected by MUI from all
the other users. The output expression for OFDMA can be
obtained as a special case of (25) with the substitution used
to obtain (17).

B. Case of Non-zero CFOs and TOs

Now, consider the case with non-zero CFOs as well as TOs.
The uth user’s TO is denoted by i, in number of samples.
In order to account for TOs in the output expressions, de-
pending on the values of 1,,’s, we need to consider four dif-
ferent cases of timing offsets (cases a) to d) to be described
later), where interference is caused by CFO in all the paths,
and the previous or next frame interference along with cur-
rent frame interference in some or all the paths depending on
the magnitude and sign of the TO. Apart from this, self in-
terference is also caused due to MMSE equalization. With
vth user as the desired user, any interference due to the signal
from vth user is referred to as the self interference (SI), and
due to the signal from other user is referred to as the MUI.
We refer to the interference caused due to: i) only CFO by
‘CFO-SI/MULI’, ii) both CFO and the loss of some samples
in the current frame by ‘CF-SI/MUTI’, iii) CFO and symbols
in the previous frame by ‘PF-SI/MUI’, iv) CFO and symbols
in the next frame by ‘NF-SI/MUI’, and v) MMSE equaliza-
tion by ‘MMSE-SI/MUI’. It is noted that the MMSE equaliza-
tion induced interferences (i.e., MMSE-SI/MUI) will not be
there in OFDMA [16], and these extra interference terms in
SC-FDMA, if not cancelled using suitable IC techniques, will
cause increased performance degradation in SC-FDMA com-
pared to OFDMA in the presence of non-zero CFOs/TOs (as
will be shown in the SINR/BER performance plots in Sec. V).

The N-point DFT output of the uth user at the receiver, due
to uth user’s signal in the presence of non-zero CFO/TO is
given by
y% _ GuAuDNIXu-I-GuJAuD]\/[XuJ-’- Z% , (26)
~

yu.DS +yu,CI

w, I f
y Noise

u,DS u,C'T

where y is the desired signal, y is the current frame
interference, and y*! is previous or next frame interference.
x" is the current frame and x™! is the interfering frame of
the wth user, which is the next frame if the timing offset is
positive and previous frame if the the timing offset is nega-
tive. G* and G*! are the frequency response matrices for
the current and interfering frames, respectively, for the wuth
user, determined by the channel impulse responses and the
values of timing and carrier frequency offsets of uth user. In
all the cases of timing offset we assume constant CIR in the
processing window, use [ as the path index and define

3

2

A j2nn(a—k+ey)
= N

Lo (n1,m2) e , 27)

L
Nn

ni

and

L
. 27, g —i2xlq
Gi, = e N7 hfem N Til(nina). (28)

The different cases of TOs to be considered are as follows:

e Casea): 0 < —p, < Ny, where CFO-SI/MUTI is caused
forl < Ny + piy. I — Ny — p samples of the previous
frame come into the processing window for { > N+ 11,
causing PF-SI/MUI. Also because of the loss of [ — N, —
w samples in the current frame, CF-SI/MUI is caused.
The channel matrix for the previous frame is

L—1
i2m(pu+Ng)a —i2mlg
Gyt o= m N e TN 0,m — 1), (29)
I=Ng+p,+1
with
(0, N —1), for I < Ny + fi,

(n1,m2) = { (l = pou = Ng, N = 1), forl > Ny + pi. (30)
Here, y“’CI is the sum of CFO-SI/MUI and CF-SI/MUI,
and y“! is PE-SI/MUI.

e Case b): Ny < —pu, where CF-SI/MUI and PF-SI/MUI
occurs for all the paths. The channel matrix for the pre-
vious frame is same as (29), with the limits in the sum-
mation being (0, L — 1) in GZi with

(n1,mn2) = (I — p — Ny, N — 1). (31)
Here, y*©! is CE-SI/MUI, and y*! is PF-SI/MUI.

e Case ¢): 0 < pu < L, where p,, — [ samples of the
next frame come into the processing window for paths
Il < py — 1, causing NF-SI/MUI, and the same num-
ber of samples of the current frame are lost causing CF-
SI/MUL For | > p, — 1, CFO-SI/MUI is caused. The
channel matrix for the next frame is

—i27(Ng—pu)q Pul o
Gil=e— % Nhie N Thl(na+1,N—1), (32
=0

with

(O,N —1— o +1), for0 <1< py —

1,
(0,N — 1), forl > a. G3)

(ns.a) = {

Here, y*““! is the sum of CFO-SI/MUI and CF-SI/MUI,
and y*! is NF-SI/MUI.

e Case d): p > L, where NF-SI/MUI and CF-SI/MUI
occur for all the paths. In this case the channel matrix
for the next frame is same as (32), with the limits in the
summation being (0, L — 1) in GZ:;, with

Here y*“ ¢! is CE-SI/MUI, and y*! is PE-SI/MUL

Since DFT is a linear operation, total N-point DFT output at
the receiver is given by

K
Yr = Y Vi (35)
u=1
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The input to the M -point IDFT of the vth user is

= Avév,d (Gv,dAvDIVIXu + (Gv o Gv,d)AvDMXU
K

+GUATDY X+ 3y 4 ), (36)
u=1
uFEv

where G¥4 and G¥*4 are N x N the diagonal matrices with

G = diag|G"], (37)
and _ GUrdyx

Grk, W) + 23
The M -point IDFT output of the vth user can be written as
- ﬁM;&vév,de,dAvDM xV

2z
+ ]Aj]wgvé'u,d(Gv o Gv,d)AvDMX'U
+ f)M:&vév,dGu,IA’uDJWX'U,I

K
+ DMYAG Y v+ zF)). 39)
oty
Defining a diagonal matrix DV as
D" = diag[F"], (40)

we can write (39) in terms of various interference terms as

XV = DUx? T (]_-v _ Dv)xv
~— —————

Desired signal MMSE-SI

+ f)]\fgvéu,d((}v _ Gv’d)AUD]MXU

CF-SI
+ ]5AlAUél),de,1Aleuxv,I

PF-SI/NF-SI

K
+ f)]wgvév,d(z y}fﬂ‘i‘ZF).
u=1

u#tv

(41

MUI + Noise

The corresponding output expression for OFDMA can be
obtained as a special case of (41) with the substitution used
to obtain (17).

C. Proposed Parallel Interference canceler

We propose to use a parallel interference canceler (PIC) at
the BS receiver to mitigate the effect of interferences in SC-
FDMA. Using estimates of the interfering symbols and the
channel fade coefficients, we can reconstruct the IST and MUI
terms which then can be subtracted from the received signal
to achieve interference cancellation. For illustration, consider
the case of non-zero CFOs. In the first stage of the receiver,
no cancellation is done and the symbols of all the users are
detected at the M -point DFT output. In the mth PIC stage,
m > 2, the symbols are detected using

Jv,m

X — AUxV + (FU _ A’U)(XU _ §v,m—1)

K
+ f)MAvHU Z ‘Il(u)HuAuDM(Xu _ )/Eu,m—l)

utv

~ M ~
+D A'H'zp, (42)

10 T T
—— SC-FDMA, No IC (stage-1)
—*— SC-FDMA, PIC stage-2
5 —+— SC-FDMA, PIC stage-3
107 E

N =64, K =4, M= 16, 4-QAM
2L =2, No CFO/TO

Bit Error Rate
S

0 5 10 15 20
Average SNR (dB)

Fig. 2. BER performance of SC-FDMA without and with IC cancellation.
N =64, K =4, M = 16, L = 2,4-QAM, No CFO and TO. IC removes
residual interference and improves performance.

0

10
N=64, K=4M=16,L=2
4-QAM, '¢=[0.1 0.2 -0.15,-0:3].
10™ :
o ]
& %
S
|
E
_o| —¥%— SC-FDMA, No IC (stage-1)
10| %~ OFDMA, No IC (stage—1)
—%— SC-FDMA, PIC stage-2
—%— - (1): OFDMA, PIC stage-2
— (2): OFDMA, Ideal (No CFO/TO)
SC-FDMA, PIC stage-3
_3| —8— SC-FDMA, PIC stage-4 q
10 0 5 10 15 20
Average SNR (dB)

Fig. 3. Comparison of BER performance between SC-FDMA and OFDMA
with CFO. N = 64, K = 4, M = 16, 4QAM, L = 2, ¢ =
[0.1,0.2, —0.15, —0.3]. No TO. User 1 is desired user. SC-FDMA (with-
out IC) performs worse than OFDMA in the presence of CFO. With the pro-
posed PIC, however, SC-FDMA recovers its frequency diversity advantage
and outperforms OFDMA.

where X%~ ! are the estimates of respective symbols in the
previous stage.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present the simulation results on ) un-
coded BER performance without and with PIC receiver in
SC-FDMA with MMSE equalizer for no CFOs and TOs (i.e.,
perfect alignment), and i) uncoded BER performance with-
out and with PIC receiver in SC-FDMA and OFDMA with
CFOs only and with CFOs and TOs. The parameters used in
all the simulations are: N = 64, K = 4, M = 16, L = 2,
4-QAM, and interleaved allocation. Perfect knowledge of the
CIRs of all the users is assumed.

In Fig. 2, we present the uncoded BER performance of the
proposed PIC receiver for SC-FDMA with MMSE equalizer
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N=64,K=4M=16;L=2
4-QAM, £'=1{0.1,0.2;~0:15,-.0.3]
p=[-1,-5,1,5]

—#— SC-FDMA, No IC (stage-1) =

-—%—OFDMA, No IC (stage-1) S

_»| —%*— SC-FDMA, PIC stage-2 > =. 4
—%— - OFDMA, PIC stage-2 S

—+— SC-FDMA, PIC stage-3

- —+— - OFDMA, PIC stage-3

—+&— SC-FDMA PIC stage 4

—@— - (1): OFDMA, PIC stage-4
R (2): OFDMA, Ideal (No CFO/TO)

0 5 10 15 20
Average SNR (dB)

Fig. 4. Comparison of BER performance between SC-FDMA and OFDMA
with CFO and TO. N = 64, K = 4, M = 16, 4-QAM, L = 2, ¢ =
[0.1,0.2,—0.15,—-0.3], p = [-1,—5,1,5]. User 1 is desired user. With
the proposed PIC, SC-FDMA recovers its frequency diversity advantage and
outperforms OFDMA.

Bit Error Rate

HH-

for the case of perfect alignment (i.e., no CFO/TO), as a func-
tion of SNR. From Fig. 2, we observe that the PIC receiver,
even with one cancellation stage, is able to improve the per-
formance of the receiver without PIC by removing the resid-
ual interference present at the MMSE equalizer output (i.e.,
MMSE-SI described in Sec. III-A). For example, at 20 dB
SNR, the BER with no IC is 1.5 x 1073, which improves to
6 x 10~* with once stage of the proposed cancellation..

Figure 3 shows the uncoded BER performance of SC-FDMA
and OFDMA without and with the proposed PIC for the case
with CFOs and no TO, as a function of SNR. The CFOs of
different users are, [e1, €2, €3,€4] = [0.1,0.2,—0.15, —0.3].
Perfect knowledge of CFOs of all the users is assumed at the
receiver. The BER performance of OFDMA in the ideal case
of no CFOs/TOs is also plotted. From Fig. 3, we can observe
the following. Without interference cancellation (i.e., stage-
1) both SC-FDMA and OFDMA exhibit high error floors due
to CFO-induced MUI. The BER in OFDMA is better than
that in SC-FDMA (e.g., 1.5 x 10~2 BER at 20 dB SNR in
OFDMA versus 4.5 x 1072 BER in SC-FDMA for the same
SNR). With the proposed PIC, there is a significant improve-
ment in the BER performance of both SC-FDMA and OFDMA.
In OFDMA, the BER at the 2nd stage output almost reaches
OFDMA’s ideal performance corresponding to no CFOs and
TOs. On the other hand, in SC-FDMA, the proposed PIC with
increased number of stages (3rd and 4th stages) significantly
outperforms even the ideal performance in OFDMA, illus-
trating the ability of the PIC to restore the frequency diversity
effect in SC-FDMA. Figure 4 shows a similar uncoded BER
comparison between SC-FDMA and OFDMA in the presence
of both CFOs as well as TOs, where the TOs for different
users are taken to be [p1, po, i3, t4] = [—1, =5, 1, 5] and per-
fect knowledge of these TOs is assumed at the receiver. Like
Fig. 3, Fig. 4 also illustrates the superiority of SC-FDMA
over OFDMA in terms of uncoded BER performance when
three or more stages of the proposed PIC are used.

V. CONCLUSIONS

We investigated the effect of large CFOs and TOs on the un-
coded BER performance of SC-FDMA systems with MMSE
equalization. We illustrated the degradation in performance
due to the self interference and multiuser interference terms
caused due to the MMSE equalization operation in SC-FDMA.
Since these MMSE equalization induced interference terms
are not there in OFDMA, SC-FDMA performed poorly com-
pared to OFDMA. However, through the use of the proposed
PIC, the uncoded BER performance of SC-FDMA with MMSE
equalization even with large CFOs and TOs was shown to be
better than that of the ideal OFDMA performance (with no
CFO/TO), due to the frequency diversity effect in SC-FDMA.
This illustrates the effectiveness of the proposed PIC and the
need for such cancellers in SC-FDMA to achieve better per-
formance than OFDMA. The present work can be further ex-
tended to consider coded BER performance, effect of imper-
fect knowledge of CFOs/TOs and channel coefficients.
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