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Abstract—Single-carrier frequency division multiple access
(SC-FDMA) has become a popular alternative to orthogonal
frequency division multiple access (OFDMA) in multiuser com-
munication on the uplink. This is mainly due to the low peak-
to-average power ratio (PAPR) of SC-FDMA compared to that
of OFDMA. Long-term evolution (LTE) uses SC-FDMA on the
uplink to exploit this PAPR advantage to reduce transmit power
amplifier backoff in user terminals. In this paper, we show that
SC-FDMA can be beneficially used for multiuser communication
on the downlink as well. We present SC-FDMA transmit and
receive signaling architectures for multiuser communication on
the downlink. The benefits of using SC-FDMA on the downlink
are that SC-FDMA can achieve 7) significantly better bit error
rate (BER) performance at the user terminal compared to
OFDMA, and ¢i) improved PAPR compared to OFDMA which
reduces base station (BS) power amplifier backoff (making BSs
more green). SC-FDMA receiver needs to do joint equalization,
which can be carried out using low complexity equalization
techniques. For this, we present a local neighborhood search
based equalization algorithm for SC-FDMA. This algorithm is
very attractive both in complexity as well as performance. We
present simulation results that establish the PAPR and BER
performance advantage of SC-FDMA over OFDMA in multiuser
SISO/MIMO downlink as well as in large-scale multiuser MISO
downlink with tens to hundreds of antennas at the BS.
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OFDMA, PAPR, frequency domain equalization.

I. INTRODUCTION

Transmission rates on wireless channels are on the increase
to meet the increasing data rate requirements posed by the
growing wireless data traffic. Increased transmission rates ren-
der the wireless channel more and more frequency selective.
Inter-symbol interference (ISI) caused due to the presence of
several delayed multipath components in such channels is a
concern. Multicarrier signaling techniques are popularly used
on ISI channels [1]. Orthogonal frequency division multiplex-
ing (OFDM) is one such multicarrier technique. By using
several subcarriers of narrow bandwidth instead of a single
carrier of a larger bandwidth, OFDM signaling attempts to
make individual subcarriers see frequency-flat fading, which,
in turn, can allow simple one-tap equalization at the receiver.
OFDM has been widely adopted in several wireless systems
and standards, e.g., IEEE 802.11a/g/n.

In the context of multiuser communication, orthogonal
frequency division multiple access (OFDMA) presents the
benefits of flexible resource allocation (subcarrier allocation
to users) and scheduling. Dynamic allocation of subcarriers
in OFDMA can further improve performance compared to
fixed allocation. Because of these advantages, OFDMA has
been adopted in wireless standards including WiMax and LTE.
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However, a drawback with OFDMA is the large peak-to-
average power ratio (PAPR) in OFDM modulated signals. This
necessitates the transmitter RF power amplifiers (PA) to work
with large backoffs (i.e., transmitter PAs are made to operate
at low efficiency operating points to ensure linearity). Because
of this power inefficiency due to the PAPR issue, and since
mobiles/user terminals are more power constrained than base
stations, LTE uses OFDMA only on the downlink and not on
the uplink.

Single-carrier signals, on the other hand, have much lower
PAPR [2]- [4]. To exploit this benefit, LTE uses single-carrier
frequency division multiple access (SC-FDMA) on the uplink
[5], [6]. Although SC-FDMA is a single-carrier technique, in
terms of implementation, it can be viewed as a DFT-precoded
OFDM (i.e., DFT operation preceding the IDFT operation in
OFDM). In addition to the PAPR advantage, the DFT precoded
OFDM view of SC-FDMA allows it to retain the flexible
resource allocation advantage of OFDMA as well.

In this paper, we argue and show that SC-FDMA can be
used beneficially on the downlink as well. A key advantage is
that base station operation can be made more energy efficient.
With the growing need to design energy efficient ‘green’ base
stations, the choice of single-carrier communication for the
downlink is in the right direction. While SC-FDMA allows
the base station power amplifiers to work at more efficient
operating points because of its low PAPR, it can also offer
the additional benefit of performing significantly better than
OFDMA. We first present SC-FDMA transmit and receive
signaling architectures for multiuser communication on the
downlink. We consider SC-FDMA in both multiuser SISO
as well as multiuser MIMO downlink. We also consider the
emerging area of large-scale MIMO, where the base station
has tens to hundreds of antennas and the user terminals have
much fewer number of antennas (e.g., one antenna).

A key requirement in SC-FDMA is the need to do joint
equalization at the receiver. While this will imply increased
receiver complexity than in OFDMA, several low-complexity
algorithms reported in the recent literature show good promise
for use in SC-FDMA equalization. In particular, these algo-
rithms are of the same order of complexity as linear receivers
like ZF and MMSE, and they achieve close to optimal perfor-
mance in large dimensions. We use one such low complexity
algorithm based on local neighborhood search, namely, likeli-
hood ascent search (LAS) algorithm [7], [8], for equalization
of SC-FDMA signals at the user terminal. Our simulation
results establish the PAPR and BER performance advantage of
SC-FDMA over OFDMA in multiuser SISO/MIMO downlink
as well as in large-scale multiuser MISO downlink with tens to
hundreds of antennas at the BS. This performance advantage
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Fig. 1. Multiuser MIMO downlink system.

coupled with low PAPR advantage makes SC-FDMA a pre-
ferred choice for multiuser downlink communication in future
wireless systems and standards.

The rest of this paper is organized as follows. The multiuser
SC-FDMA system on the downlink, including the transmit
and receive chains, frequency-domain equalization/detection
algorithm, and subcarrier allocation algorithms are presented
in Section II. Simulation results on the PAPR and BER per-
formance of SC-FDMA on the downlink in comparison with
those of OFDMA are presented in Section III. Conclusions
are given in Section IV.

Notation: Vectors and matrices are denoted by bold face
lowercase and bold face uppercase letters, respectively. [.]7,
(), ()" denote transpose, Hermitian, and pseudo inverse,
respectively. ||.||#, ||.]|2 denote frobenius norm and euclidean
norm, respectively. |.| denotes cardinality of a set and () denotes
the empty set. Fp and Fp denote P-point DFT and IDFT
matrices, respectively.

II. MULTIUSER SC-FDMA ON THE DOWNLINK

Consider a multiuser downlink system with n; transmit
antennas at the base station and K downlink users, each having
one or more receive antennas, as shown in Fig. 1. Without
loss of generality let us that assume all users have n, receive

antennas each, and that Q) 2 min(n, n,) denote the maximum
number of data streams for each user. The channel between
each transmit-receive antenna pair is assumed to be frequency
selective with L taps. Let hj!;(l),l = 0,1,---, L — 1 be the
lth time domain channel coefficient between the ¢th transmit
antenna and jth receive antenna of the uth user, 7 = 1,--- ny,
u=1,--,K,j=1,---,n,.

Let N denote the number of subcarriers in the system. The
subcarriers can be allotted to the users on a fixed or dynamic
basis (e.g., based on channel state information). Let each
subcarrier be used by a maximum of K users simultaneously,
where K is defined as

g2 w0 m "
1, otherwise.

In other words, each user is allocated M 2 LNTI?J subcarriers.
We assume equal power allocation and bit loading on all

subcarriers.

The detailed block diagrams of the base station transmitter
and the uth user’s receiver are shown in the Fig. 2. Let S,, =
{14,2n, -+, K,} denote the set of users sharing subcarrier
n, and A, = {1,,2,, -+, M,} denote the set of subcarriers
allocated to user u. Let x" denote the information data block
of length M@ for user u. The output of the M-point DFT
block (Fig. 2) is given by

Su o u
x; = Fuxj,

j j:1727

,Q, 2)
where Fjs is the M-point DFT matrix, xj = [z"((j —
DM +1),2%((j —1)M +2),-- ,2*((j — 1)M + M)]T, and
xz*(m) is the mth data symbol of the uth user. The output
vectors from the DFT blocks are given to the beamforming
and subcarrier allocation block. Let P} denote the n; x @
beamforming/precoding matrix for user u on subcarrier n.
We use SVD precoding [9], [12] to eliminate other-user
interference. The precoded output vector of size n; x 1 for
user u on subcarrier n is then given by

iu(n) :Pziu(n)a n= 1ua2ua"' 7Mu7 (3)
where x“(n) = [21(n),25(n), - 756(n)]T’ n= 1y, My,
and 2% (n) is the nth element of X. Let AF denote the N x M
subcarrier allocation matrix for user k, £ = 1,--- , K. An
example of subcarrier allocation algorithm to get AF, k =
1,---, K is given in Section II-B. The N x 1 vector input to
the N-point IDFT block on the ith transmit chain is given by

K
di=) A'Zf, i=12,m, @
k=1
where Z% = [Z%(14), Z24(24), -+ s Z4(M)) T, 6 = 1, my.

The output of N-point IDFT block on the ¢th transmit chain
is given by

Si:FNdi, i:1,2,"~ , Nty (5)
where Fy denotes the N -point IDFT matrix. The transmit
signal vector s; is transmitted on antenna ¢ after addition of
cyclic prefix (CP) of length L — 1. Note that the above SC-
FDMA transmitter (in Fig. 2) becomes OFDMA transmitter if
the M-point DFT blocks are removed.

Now, the received signal vector of size N x 1 at the uth user
on the jth receive antenna, after removing the CP, is given by

nt
yi=Y h;@si+qf, j=12--
i=1

s sy (6)

where ® denotes N-point circular convolution operation,
u  _ [phu u u T

hi, = [hiyj(O),hiﬁj(l), e ,hw-(L—l), (N—L) zeros]', and

qy € CN(0,NoIy) is the additive noise vector. The output

signal is then converted to frequency domain by taking N-
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point DFT, which is given by

5’; = FNyyv j:1a27"'an7‘
nt
o= D HLdi+a)
=1
n¢ K
= D Hi ) A'E 4+ )
i=1 k=1

where H}!; = diag(Fxh{;) is the N x N diagonal matrix
whose diagonal elements are the frequency domain channel
coefficients between ith transmit antenna and jth receive
antenna of user u. Now, y}' is applied to the subcarrier
deallocation block to get

>

}_’;L = uy;t7 ]:1727
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where A" is the deallocation matrix for the uth user, given

by A% = (A%)T. Simplifying the above equation, we get

y'(n) =H"(n) Y Ppx*(n) +@"(n), ueS,,
kESy

9)

where %(n) = (3¢ (n), 5% (n), - , 5 ()] §(n) is the nth
element of yi, H"(n) is n, x n; frequency domain channel
coefficient matrix of user u on subcarrier n, whose (I, k)th
entry is the nth diagonal element of the matrix Hy ;, and
a"(n) = (g (n), @ (n), - G~ (n)]”, where G%(n) is the nth
element of qj.

As mentioned earlier, we use SVD to get the beamform-
ing/precoding matrices at the transmitter. The SVD decompo-
sition of channel matrix H"(n) is given by

H"(n) = Uiy (Vi) (10)

where U} is a matrix of size n, x ) containing the left singular
vectors, 3% is a diagonal matrix of size () x () containing
singular values, and (V) is a matrix of size n; X () containing
the right singular vectors. Let us define the following vectors
and matrices:

(& ()T,

uth user’s receiver

Transmitter and receiver block diagrams of MIMO SC-FDMA on the downlink.

P, 2 [Pl P2 ... PKu]

n n
U, £ diag(Ul, U2, ... UK,
%, £ diag(Blr, 22, 2k,

Vn é [V}zna Vina e 7VR”)]a

The received signal vector on subcarrier n due to all the
users sharing it can be written as

¥(n) = U, X, (V)P ,x(n) + g(n). (11)

The multiuser interference can be completely eliminated by
choosing the beamforming/precoder matrix as

P, = a,[(V,)"]" s t E[[P.x(n)[3] = p, (12)

where «, is the power normalization factor. Equation (11) can
be written as

y(n) = @, U, X,X(n) + q(n). (13)

Now, the received signal vector on subcarrier n at user u
sharing it is given by
7'(n) = ULSER" (n) + " (n),

where f:g =ap,2n.

The receiver signal processing at user u is done as follows.
First, doing post-processing operation on the received signal
vector ¥*(n) by multiplying with (U)H, we get

Fin) = (UN"FH(n)
= 3x“(n) +w"(n).

uES,, (14)

(15)
Define the following vectors and matrices:

zu(])_dlag(qu (]7])722 (]7.])7 72Mu(j7.7))7
XY = [ (1u), 8 (2), -+, 5 (My)]",
W= [0 (L), 05 (24), - W3 (My)]"



where % (4, j) is the jth diagonal element of 3*. Using the
above definitions, the signal vector at user v on stream j and
allocated subcarrier set A, can be written as

yi =ZrOE + Wi, =120 (16)

On the received signal model in (16), we carry out frequency
domain equalization and detection on a per-stream basis at the
user terminal.

A. Low-complexity frequency-domain equalization/detection

In this subsection, we present the equalization and detection
scheme for the jth stream at the uth user. We propose to use a
frequency-domain MMSE (FD-MMSE) equalizer followed by
a likelihood ascent search (LAS) algorithm [7], [8], which is a
local neighborhood search algorithm, to carry out equalization
and detection. The FD-MMSE equalization operation for the
jth stream at user u is given by
-1

Sy

LA

% = (ENHE + (No/ )l
The FD-MMSE equalizer output vector in (17) is converted
to time domain by an M-point IDFT operation, followed
by detection. Though the FD-MMSE equalizer is attractive
because of its low complexity, its performance is far from
the optimum performance. Therefore, in order to improve
performance, we employ the LAS algorithm at the output
of the FD-MMSE equalizer. Starting from the FD-MMSE
equalizer output symbol vector, the LAS algorithm reaches
a locally optimum solution through a low-complexity local
neighborhood search. The LAS algorithm works as follows.
Equation (16) can be written as

yi o= EU0Fax) 4wy,
————
G(4)
Writing (18) in real form and leaving indices for simplicity,
we have

19)

y =Gx+w,
where y = [R(FH)” SG17]7, x = (R (1T,

R(GY) S(GY
w = R ST 6 = | e S
R(.) and I(.) denote the real and imaginary parts, respectively.
In this real-valued system model, the maximum likelihood
(ML) cost can be written as

, and

Y(x) = [ly — Gx|> =xTGTGx — 2xTGTy. (20

The LAS algorithm starts with an initial solution vector x(©).
The output symbol vector from the FD-MMSE equalizer is
used as the initial solution vector. A neighborhood around
the initial vector is defined to be the set of all vectors which
differ from the initial vector in one coordinate. For each of the
vectors in the neighborhood, the algorithm computes the ML
cost function ¢ (x) defined in (20). The best vector among the
neighboring vectors (in terms of least ML cost among them)
which also happens to have a lesser ML cost than that of the
initial vector is chosen, and declared as the new solution vector

x(1); the 1 in the superscript denotes the iteration index. This
new solution vector x(!) is passed on as the initial vector for
the next iteration, where the best vector among the neighboring
vectors of x(1) is chosen as the new solution vector for the
next iteration, and so on until a local minima is reached.
The algorithm ends once a local minima is encountered. The
solution vector corresponding to the local minima is declared
as the final solution vector.

B. Subcarrier allocation

In this subsection, we present the subcarrier allocation
qlgorithms usgd at the transmitter for two cases, namely,
K =1 and K > 1. The algorithm for K = 1 (Algorithm
1) is from [10]. The algorithm for K > 1 (Algorithm 2)
is from [11]. These algorithms were proposed for subcarrier
allocation in OFDMA downlink. Therefore, using the same
algorithms for subcarrier allocation in SC-FDMA allows us to
compare the performance of OFDMA and SC-FDMA under
similar system settings.

1) Subcarrier allocation algorithm for K = 1: In this case,
each subcarrier is allotted to only one user, and each user will
get N/K subcarriers. The subcarrier allocation algorithm for
this case is from [10], which is presented in Algorithm 1
below.

Algorithm 1 Subcarrier allocation algorithm for K=1
: U={1,2,---,K}, B={1,2,---,N}

2: Initialize: S,, =0, VneB; A,=0,VuecU

3: while |B| > 0 do

4:  for each n € B do

5: Find the frobenius norm of the channel coefficient
matrix over subcarrier n, for all the users in U.

6: Arrange the users in U in descending order based on
the frobenius norm values.

7: Calculate the difference D,, between the frobenius

norm value of first best user and frobenius norm value
of second best user.

end for

n' = argmax D,

n
10:  Find user «/ with maximum frobenius norm value in
subcarrier n'.
1:  if [Ay| < M then

12: Ay=A,Un; B=B-n'; S, =S,y Ut/
13:  else

14: U=U-

15:  end if

16: end while

2) Subcarrier allocation algorithm for K > 1: In this
case, each subcarrier can be allotted to a maximum of K
users. We use a correlation based algorithm from [11] for
subcarrier allocation in this case. The algorithm is presented
in Algorithm 2 below.



Algorithm 2 Subcarrier allocation algorithm for K>1

1: The channel correlation metric between user ¢ and user j
is calculated over each subcarrier n as:

o IEEG

Sl | & K74 = 4 12
2 B={1,2,---,N}; U,={1,2,--- ,K},VneB
3: Initialize: S,, = 0,VneB; A,=0,VueU,
4: for eachn € B do

5. Find v = argmax ||H%H%
keU,,|Ar|<M

6: S, =S,Uu;U,=0,—u; A, =A,Un
7. while |S,| < K do

8: = argmin > s
k€U, |Ak|<M
9: if no @ found then
10: Break the loop
11: else
12: U, =0, — ﬁ; Ay =AU n; S, =S, Uu
13: end if
14:  end while
15: end for

III. RESULTS AND DISCUSSION

In this section, we present the PAPR and BER perfor-
mance results of SC-FDMA on the downlink obtained through
simulations. We compare the performance of SC-FDMA and
OFDMA for the same system settings. In all the simulations,
we have taken the channel between each transmit and receive
antenna for all users to be frequency selective with L = 5
taps and uniform power delay profile (UPDP). For subcarrier
allocation, two methods are considered: i) fixed interleaved
allocation, and 7i) dynamic allocation. Fixed interleaved allo-
cation is a static method of allocation in which subcarriers are
allocated in an interleaved fashion [5]. For example, in a SISO
system with N subcarriers and K users, each user is allotted
with M = N/K subcarriers such that user k is allotted the
subcarriers n = k+ (i — 1)K, ¢ = 1,2,--- , M. In dynamic
allocation, subcarriers are allocated based on channel state
information (CSI) using either of the two algorithms, namely,
Algorithm 1 and Algorithm 2 in Section II-B, depending
on the value of K. We assume perfect knowledge of the
CSI. We use 4-QAM in the BER simulations, and 16-QAM
in the PAPR simulations. In SC-FDMA, we use FD-MMSE
equalizer followed by LAS algorithm (referred to as FD-
MMSE LAS). In OFDMA, we use a single-tap equalizer
followed by detection.

A. PAPR and BER of multiuser SISO SC-FDMA downlink

In a SISO multiuser downlink system, n; = n,. = 1. There-
fore, K =1 and Algorithm 1 is used for dynamic subcarrier
allocation. In Fig. 3, we show the PAPR performance of SC-
FDMA and OFDMA for n; = 1,n, = 1, K = 4, N = 128,

16-QAM, and fixed interleaved allocation of subcarriers. It
can be seen that SC-FDMA has significantly better PAPR
than OFDMA. For the same system parameters, Fig. 4 shows
the BER performance of SC-FDMA and OFDMA for 4-QAM
and dynamic subcarrier allocation. SC-FDMA BER plots with
i) FD-MMSE equalizer only, and i) FD-MMSE equalizer
followed by LAS algorithm are shown. From Fig. 4, we
observe that i) SC-FDMA achieves better BER performance
than that of OFDMA, and i) using the LAS algorithm at the
output of FD-MMSE equalizer improves the BER performance
of the FD-MMSE equalizer.
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Fig. 3. PAPR performance of multiuser SISO SC-FDMA and OFDMA for

ne=1,ny =1, K =4, N = 128, 16-QAM.
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Fig. 4. BER performance of multiuser SISO downlink SC-FDMA and
OFDMA for ny = 1,n, =1, K =4, N =128, L = 5, 4-QAM.

B. PAPR and BER of multiuser MIMO SC-FDMA downlink

Here, we present the PAPR and BER results for multiuser
MIMO SC-FDMA and OFDMA systems with ny = 4,n, =
2, K =4, N = 64. In this case, K = 2, and each subcarrier is



shared by two users. Algorithm 2 is used for dynamic subcar-
rier allocation. Figure 5 shows the PAPR comparison between
SC-FDMA and OFDMA for 16-QAM and fixed interleaved
subcarrier allocation. Figure 6 shows the BER comparison
between SC-FDMA and OFDMA under both fixed allocation
and dynamic allocation. We observe that SC-FDMA exhibits
significantly better PAPR and BER performance compared to
OFDMA in multiuser MIMO downlink scenario also.
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Fig. 5. PAPR performance of multiuser MIMO SC-FDMA and OFDMA for
ne =4,n, =2, K =4, N = 64, 16-QAM.
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Fig. 6. BER performance of multiuser MIMO downlink SC-FDMA and
OFDMA for ny =4,n, =2, K =4,N =64, L = 5, 4-QAM.

C. PAPR and BER of large-scale multiuser MISO SC-FDMA
downlink

Recently, large-scale multiuser MISO systems with tens to
hundreds of antennas at the base station and one antenna
each at the mobiles/user terminals are gaining importance.
We evaluated the PAPR and BER performance advantage
of SC-FDMA compared to OFDMA in such large systems.

We evaluated the BER performance in two systems: i) a
system with n; = 16,n, = 1,K = 4, N = 64, and i)
a system n;, = 128,n, = 1,K = 4,N = 64. In both
these systems, K = K and M = N, i.e., each subcarrier
can be shared by all users so that for each user is allotted
with all N subcarriers. Since M = N, there is no distinction
between fixed interleaved allocation and dynamic allocation.
The PAPR and BER plots in Figs. 7 and 8 show that SC-
FDMA is preferred over OFDMA in large-scale multiuser
MISO downlink systems as well.
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Fig. 7. PAPR performance of large-scale multiuser MISO SC-FDMA and

OFDMA for ny = 128, n, = 1, N = 64, K = 16, 16-QAM.
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Fig. 8. BER performance of large-scale multiuser MISO downlink SC-
FDMA and OFDMA for i) ny = 16,n, = 1, K = 4, L = 5, 4-QAM, and
7)) ng = 128, n, =1, K = 16, L = 5, 4-QAM.

In this paper, we have used the LAS algorithm to improve
the performance of the FD-MMSE equalizer. Similar low
complexity search algorithms like the reactive tabu search
(RTS) algorithm [13], [14] can be used in place of the LAS
algorithm to further improve performance.



IV. CONCLUSIONS

The low PAPR advantage of SC-FDMA over OFDMA has
led to the adoption of SC-FDMA on the uplink in wireless
standards like LTE. In this paper, we have argued and showed
that SC-FDMA can be quite beneficial on the downlink as
well. A key advantage is that the transmit power amplifiers
in the base station can be operated at more efficient operating
points, making the base stations more energy efficient (more
‘green’). Also, SC-FDMA retains the desirable feature of
flexible allocation of subcarriers in OFDMA because of the
DFT-precoded OFDM view of SC-FDMA. To address the
equalization requirement at the user terminals in SC-FDMA
downlink, we used low complexity equalization algorithms
(FD-MMSE equalizer followed by the LAS algorithm) which
gave very good performance. We presented simulation results
that showed the PAPR and BER performance advantage of
SC-FDMA over OFDMA in multiuser SISO/MIMO downlink
as well as in large-scale multiuser MISO downlink with tens to
hundreds of antennas at the base station. This performance ad-
vantage along with the low PAPR advantage makes SC-FDMA
a preferred choice for multiuser downlink communication in
future wireless systems and standards.
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