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Frequency Domain Adaptive Antenna Array for Broadband
Single-Carrier Uplink Transmission

Wei PENG†a), Nonmember and Fumiyuki ADACHI†, Fellow

SUMMARY In this paper, a frequency domain adaptive antenna array
(FDAAA) algorithm is proposed for broadband single-carrier uplink trans-
missions in a cellular system. By employing AAA weight control in the
frequency domain, the FDAAA receiver is able to suppress the multi-user
interference (MUI) and the co-channel interference (CCI). In addition, the
channel frequency selectivity can be exploited to suppress the inter-symbol
interference (ISI) and to obtain frequency diversity (or the multi-path di-
versity). Another advantage of the FDAAA algorithm is that its perfor-
mance is not affected by the spread of angles of arrival (AOA) of the re-
ceived multi-path signal. In this study the structure of FDAAA receiver
is discussed and the frequency domain signal-to-interference-plus-noise-
ratio (SINR) after weight control is investigated. The performance of the
FDAAA algorithm is confirmed by simulation results. It is shown that, the
optimal FDAAA weight to obtain the best BER performance is that which
fully cancels the interference when single-cell system is considered; On
the other hand, when multi-cell cellular system is considered, the optimal
FDAAA weight depends on both the cellular structure and the target signal
to noise ratio (SNR) of transmit power control (TPC).
key words: frequency domain adaptive antenna array, single carrier trans-
mission, uplink, cellular system

1. Introduction

Broadband transmission is being used in the current wireless
communication system and it is also going to be employed
by the next generation system. Due to its multi-path fad-
ing with large delay spread, the broadband wireless chan-
nel is characterized by severe frequency selectivity [1]. As
a result, it is necessary to suppress the inter-symbol inter-
ference (ISI). The ISI problem can be avoided by the use
of multi-carrier transmission technique and the orthogonal
frequency division multiple access (OFDMA) [2] has been
proposed as a good solution for the downlink (from base
station (BS) to mobile users) transmission. However, the
multi-carrier transceivers are suffering from the high peak
to average power ratio (PAPR) problem which can lead to
severe performance degradation. To solve the high PAPR
problem, the conventional single carrier (SC) transmission,
again, attracted much interest. Actually, the ISI problem
in the conventional SC transmission systems can be solved
by introducing frequency domain equalization (FDE) [3] at
the receiver. Recently, the combination of SC-FDE and fre-
quency division multiple access (called SC-FDMA) [4] has
been considered as a more suitable solution for the uplink
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(from mobile users to BS) transmission.
In a cellular system [5], the same carrier frequency may

be reused by neighboring cells to increase the bandwidth ef-
ficiency. As a result, co-channel interference (CCI) [6] be-
comes the dominant performance limitation instead of the
thermal noise. On the other hand, multi-user interference
(MUI) [7] occurs when multiple users transmit simultane-
ously within the same cell. Therefore, interference cancela-
tion at the BS is necessary in the uplink transmissions. It is
reported in [8] that adaptive antenna array (AAA) can effec-
tively suppress the interference in a frequency non-selective
fading channel when the number of interferers is less than
or equal to Nr, where Nr is the number of receive antennas.

In this paper, we will propose a combination of FDE
and AAA, referred to as FDAAA, to combat both the ISI
and CCI/MUI for the broadband SC uplink transmissions
in a cellular system. In SC transmission, the AAA weight
control can be applied to either the time domain or the fre-
quency domain at the receiver. A joint time domain AAA
and FDE algorithm has been proposed in [9]. Hereafter
the time-domain algorithm is referred to as pre-fast Fourier
transform (FFT) AAA algorithm. In the pre-FFT algorithm,
the AAA weight control is performed before the FFT and
the same AAA weight is used for all orthogonal frequencies.
The limitation of this algorithm is that it is sensitive to the
spread of angles of arrival (AOA) of the received multi-path
signal. This limitation will be discussed later in Sect. 3. In
our proposed FDAAA algorithm, the AAA weight control
is performed on each frequency so that the performance will
not be affected by the AOA distribution. Part of the results
related to this study has been reported in [10].

The rest of the paper is organized as follows. The sys-
tem model of SC uplink transmission in a cellular system
will be described in Sect. 2. The FDAAA algorithm will be
proposed in Sect. 3. Representative simulation results are
shown in Sect. 4 and the paper will be concluded by Sect. 5.

2. System Model

The transmission in single cell case is considered at first and
then extended to cellular case. The system model of uplink
transmission is shown in Fig. 1. It is assumed that the BS
is equipped with Nr receive antennas. The number of active
users is U and each user has one transmit antenna. A block
fading channel between each user and the BS is assumed,
i.e., the channel remains unchanged during the transmission
period of a block. In this paper, the symbol-spaced discrete
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Fig. 1 Uplink transmission.

time representation of the signal is used. Assuming an L−
path channel, the impulse response of the channel between
user u and the mth antenna of the BS can be expressed as

hu,m(τ) =
L−1∑
l=0

hu,m,lδ(τ − τl), (1)

where hk,m,l and τl are the path gain and time delay of
the lth path, respectively. hk,m,l follows the complex
Gaussian distribution (Rayleigh distribution) and satisfies∑L−1

l=0 E{|hk,m,l|2} = 1 where E{·} represents the ensemble av-
erage operation. It is assumed that the time delay τl is a
multiple integer of the symbol duration and τl = l. The
cyclic-prefixed block signal transmission is used to avoid in-
ter block interference (IBI) and it is assumed that the cyclic
prefix (CP) is longer than the maximum path delay of the
signal. In the following, we omit the insertion and removal
of the CP for the purpose of simplicity. The baseband equiv-
alent received signal block rm(t); t = 0 ∼ Nc − 1 of Nc sym-
bols at the mth antenna is given by

rm (t) =
√

2P0d−α0 10−ξ0/10
L−1∑
l=0

h0,m,l s0 (t − l)

+
U−1∑
u=1

√
2Pud−αu 10−ξu/10

L−1∑
l=0

hu,m,l su (t − l)

+nm (t)

, (2)

where su(t) and Pu are the transmit signal and transmit sig-
nal power of user u(u = 0 ∼ U − 1), respectively. Let the
transmit signal from the u = 0th user be the desired signal,
and the transmit signals from the other users be the interfer-
ing signals. d0 represents the distance between the desired
user and the BS; du represents the distance between the uth
interfering user and the BS. α and ξ represent the path loss
exponent and shadowing loss in dB, respectively. To sim-
plify the analysis, ξ = 0 (no shadowing loss) is assumed. T
is the symbol duration and nm(t) is the additive white Gaus-
sian noise (AWGN).

The first term in the right-hand-side of (2) is the desired
signal, the second term is the MUI signal and the last term
is the noise signal. According to (2), the frequency domain
representation of the received signal on the kth frequency is
given by [11]

Rm(k) = H0,m(k)S 0(k)

Fig. 2 Frequency reuse in cellular systems.

+

U−1∑
u=1

Hu,m(k)S u(k) + Nm(k), (3)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S u(k) =
√

2Pu

Nc−1∑
t=0

su(t) exp
(
− j2πk t

Nc

)

Hu,m (k) =
L−1∑
l=0

Nc−1∑
t=0

hu,m,l exp
(
− j2πk t

Nc

)

Nm(k) =
Nc−1∑
t=0

nm(t) exp
(
− j2πk t

Nc

)
. (4)

The frequency domain received signal vector on the kth fre-
quency R(k) is then expressed as

R(k) = H0(k)S 0(k) +Hu(k)S u(k) + N(k), (5)

where Hu(k) =
[
Hu,0(k),Hu,1(k) . . .Hu,Nr−1(k)

]T and N(k) =[
N0(k),N1(k) . . .NNr−1(k)

]T with the superscript T represent-
ing transpose operation.

In the cellular environment, there exists CCI from the
neighboring cells due to the frequency reuse. The frequency
reuse in cellular systems is shown in Fig. 2, where the fre-
quency reuse factors (FRF) are 1, 3, 4 and 7, respectively.
The commonly used first layer CCI model [6] is used here,
i.e., only the CCI from the first layer neighboring cells will
be considered and the number of CCI cells will be B=6.

The received signal at the mth antenna in (2) should be
modified to include the CCI, and it can be rewritten as

rm (t) =
√

2P0d−α0

L−1∑
l=0

h0,m,l s0 (t − l)

+
U−1∑
u=1

√
2Pud−αu

L−1∑
l=0

hu,m,l su (t − l)

+
B∑

i=1

Ui−1∑
ui=0

√
2Pi,ui d

−α
i,ui

L−1∑
l=0

ci,ui,m,l si,ui (t − l)

+nm (t − l)

, (6)
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where si,ui and Pi,ui are respectively the transmit signal and
transmit signal power of the uith user in the ith co-channel
cell; di,ui and ci,ui,m,l are the distance and channel gain be-
tween the CCI user and the BS, respectively.

The frequency domain received signal on the kth fre-
quency for (6) is given by

Rm (k)

= H0,m (k) S 0 (k) +
U−1∑
u=1

Hu,m (k) S u (k)

+
B∑

i=1

Ui−1∑
ui=0

Ci,ui ,m (k) S i,ui (k) + Nm (k)

, (7)

where⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
S ui (k)=

√
2Pi,ui d

−α
i,ui

Nc−1∑
t=0

sui (t) exp
(
− j2πk t

Nc

)

Hui ,m (k)=
L−1∑
l=0

Nc−1∑
t=0

cui ,m,l exp
(
− j2πk t

Nc

) (8)

and the third term in the right-hand-side of (7) is the CCI
component.

It is supposed that Nr ≥ U +U1 + . . .+UB where Ui is
the number of users in the ith co-channel cell. It is also sup-
posed that the BS has the perfect knowledge of channel state
information (CSI) between itself and all the users (including
the desired user and the interfering users). Slow transmit
power control (TPC) in each cell is assumed. The transmit
power of each user in each cell is controlled so that the aver-
age signal-to-noise ratio (SNR) received at the correspond-
ing BS will satisfy the system requirement on receive SNR,
i.e. {

Pu/σ
2 = ΓTPC targetdαi

Pi,ui/σ
2 = ΓTPC targetdαi,u

, (9)

where ΓTPC target is the TPC target SNR, σ2 is the noise
power and ri,ui is the distance between the CCI user and its
own BS.

3. FDAAA Algorithm

In this section, the structure of the FDAAA algorithm will
be discussed at first, then the FDAAA weight will be de-
rived and the frequency domain signal to interference plus
noise ratio (SINR) after weight control will be analyzed, and
the tradeoff between the interference mitigation and diver-
sity order of the FDAAA receiver will be discussed in the
end.

3.1 Transmitter Structure

The transmitter structure is illustrated in Fig. 3(a) [12]. Bi-
nary data sequence is modulated and divided into a sequence
of blocks of Nc data symbols. The last Ng symbols in each
block are copied and inserted as the cyclic prefix into the
guard interval (GI) and placed at the beginning of each
block. In addition, pilot signals will be transmitted for chan-
nel estimation and AAA weight control. The frame structure

Fig. 3 Transmitter structure and transmit frame structure.

Fig. 4 Structure of pre-FFT AAA receiver.

of the transmit signal is shown in Fig. 3(b).

3.2 Receiver Structure

The transmit signal will be recovered from (6) at the receiver
and the MUI and CCI components will be mitigated by us-
ing AAA weight control. We will describe the structure of
pre-FFT AAA receiver at first and then propose the structure
of FDAAA receiver.

3.2.1 Pre-FFT AAA Receiver

The pre-FFT AAA algorithm [9] performs AAA weight
control in time domain, as shown in Fig. 4. Let wpre =[
wpre,0, wpre,1 . . . wpre,Nr−1

]
represent the AAA weight con-

trol vector. The signal vector after the AAA combining can
be written as

y(t) = wT
prer(t), (10)

where r(t) = [r0(t), r1(t) . . . rNr−1(t)]T and t = 0, 1 . . .Nc − 1.
The AAA weight control vector can be obtained by using the
normalized least mean square (NLMS) method [13]. With
the aid of pilot sequence, the AAA weight control vector can
be updated by
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⎧⎪⎪⎨⎪⎪⎩
w′ pre (n) = w′pre (n − 1) + 2μe(n) r∗(n mod Nc)

‖r(n mod Nc)‖2
wpre (n) = w′ pre(n)

||w′ pre(n)||
, (11)

where ‖·‖ represents vector norm operation; w′pre (n) n =
1, 2, · · · is an intermediate variable; and e (n) is the error
function defined as

e (n)=
L−1∑
l=0

√
2P0wT

pre (n−1) h0,l s0 (n mod Nc−l)

−wT
pre (n − 1) r (n mod Nc)

. (12)

The output of AAA combining y (t) is then transformed to
the frequency domain signal by Nc− point FFT transform,
given by

Y (k) =
Nc−1∑
t=0

y(t) exp

(
− j2πk

t
Nc

)
. (13)

In the next, Y (k) will be feed into the frequency domain
equalizer and FDE will be performed so that

Ỹ (k) = wFDE,k · Y (k) . (14)

The FDE weight wFDE (k) can be calculated following the
minimum mean square error (MMSE) rule [14] given by

wFDE (k) =
Ĥ∗0 (k)∣∣∣Ĥ0 (k)

∣∣∣2 + (P0/PNI)
−1
, (15)

where the superscript * represents complex conjugate op-
eration; PNI is the power of interference plus noise; Ĥ∗0 (k)
is the equivalent frequency domain channel gain after the
AAA weight control, given by

Ĥ0 (k)=
Nr−1∑
m=0

wpre,m

L−1∑
l=0

Nc−1∑
t=0

h0,m,l exp

(
−j2πk

t
Nc

)
. (16)

The equalized frequency domain signal will then be trans-
formed into the time domain by inverse FFT (IFFT) for data
decision as

d̃ (t) =
1

Nc

Nc−1∑
k=0

Ỹ (k) exp

(
− j2πk

t
Nc

)
. (17)

3.2.2 FDAAA Receiver

In the proposed FDAAA algorithm, AAA weight control is
applied on each frequency. The structure of FDAAA re-
ceiver is shown in Fig. 5. Different from the OFDM sys-
tem where each sub-carrier is modulated by different data-
symbols, one data-symbol will be carried by all the fre-
quencies in the single-carrier transmission. Therefore, in-
stead of recovering the data-symbol on each sub-carrier, the
data-symbol is recovered by using all the received frequency
components after appropriately weighting them by the pro-
posed method. Given the frequency domain received signal
in (7), AAA weight control is performed as

R̃ (k) =WT
FDAAA (k) R (k) , (18)

Fig. 5 Structure of FDAAA receiver.

where WFDAAA (k) =
[
WFDAAA,0 (k) · · ·WFDAAA,Nr−1 (k)

]T is
the FDAAA weight control vector. The FDAAA weight
is designed to minimize the mean squared error (MSE) be-
tween the FDAAA output and the reference signal (the pilot
sequence can be used as the reference signal). The MSE is
given by

E
{
E2 (k)

}

= E

⎧⎪⎪⎨⎪⎪⎩
[
S 0 (k) −WT

FDAAA (k) R (k)
]∗

·
[
S 0 (k) −WT

FDAAA (k) R (k)
]
⎫⎪⎪⎬⎪⎪⎭

= E

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
S ∗

0
(k) S 0 (k) − S ∗

0
(k) WT

FDAAA (k) R (k)

−R∗ (k) WH
FDAAA (k) S 0 (k)

+R∗ (k) WH
FDAAA (k) WT

FDAAA (k) R (k)

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

, (19)

where superscript H represents the conjugate transpose op-
eration. To minimize the MSE in (19), the FDAAA weight
WFDAAA (k) must satisfy the following equality

∂E
{
E2 (k)

}
∂WFDAAA (k)

= 0. (20)

By substituting (19) into (20), the following equality is ob-
tained

E

{−2S 0 (k) R∗ (k)
+2R∗ (k) R (k) WFDAAA (k)

}
= 0. (21)

By solving (21), the FDAAA weight vector WFDAAA (k) is
obtained by

WFDAAA (k) = C−1
rr (k) Crd (k) , (22)

where
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Crr (k)
= E {R∗ (k) R (k)}
= A∗0 (k) A0 (k) +

U−1∑
u=1

A∗u (k) Au (k)

+
B∑

i=1

Ui−1∑
ui=0

A∗i,ui
(k) Ai,ui (k) + N0I

= A∗0 (k) A0 (k) + N′ (k)

(23)

and

Crd (k) = E {R∗ (k) S 0 (k)} = A0 (k) S 0 (k) . (24)

In (23), A0 (k) represents the propagation vector [8] of the
transmit signal from the desired user, Ai (k) and Ai,ui (k) are
the propagation vector of the transmit signal form the MUI
users and CCI users, respectively. It is assumed that the in-
ference signals, the desired signal and the noise signal are
uncorrelated with each other. N0 represents the power spec-
trum of the AWGN (which is white in frequency domain)
and I is an Nr × Nr standard matrix. N′ (k) is used to repre-
sent the interference plus noise.

After performing the frequency domain AAA weight
control, the time domain signal block estimate is obtained
by Nc− point IFFT as

d̂ (t) =
1

Nc

Nc−1∑
k=0

R̂ (k) exp

(
− j2πk

t
Nc

)
(25)

for data decision.

3.3 Frequency Domain SINR Analysis

The SINR after the weight control on the kth frequency can
be evaluated by [16]

Γ (k) =
W∗

FDAAA (k) Rs (k) WFDAAA (k)

W∗
FDAAA (k) RNI (k) WFDAAA (k)

, (26)

where Rs (k) and RNI (k) are the auto-correlation matrix of
the received desired signal and the interference plus noise,
respectively.

Property: if a matrix can be written as Z = T−1 +

PQ−1P∗, then the inverse matrix of Z can be obtained by
[17]

Z−1 = T − TP (Q + P∗TP)−1 P∗T. (27)

Let Z = Crr (k), T = R−1
NI (k), P = A∗0 (k) and Q = I, then

the inverse matrix C−1
rr (k) can be calculated by substituting

Z, T, P and I into (27).

C−1
rr =

R−1
NI (k) − R−1

NI (k) A∗0 (k)

·
[
I + A0 (k) R−1

NI A∗0 (k)
]−1

A0 (k) R−1
NI (k)

= R−1
NI (k)

[
I − A∗0(k)A0(k)R−1

NI (k)

I+A0(k)R−1
NIA

∗
0(k)

]

=
[
I + A0 (k) R−1

NI A∗0 (k)
]−1

R−1
NI (k)

. (28)

The FDAAA weight is then obtained by substituting (24)

and (28) into (22), given by

WFDAAA(k)

=
[
I + A0 (k) R−1

NI A∗0 (k)
]−1

R−1
NI (k) A0(k)S 0(k)

. (29)

Finally, the SINR after the weight control can be obtained
by substituting (29) into (26), as

Γ (k) = A0 (k) R−1
NI (k) A∗0 (k) . (30)

3.4 Discussion

The bit error rate (BER) performance of the detector using
FDAAA algorithm is determined by two factors: the diver-
sity order of the detector and the post processing SINR. As
we know that the degree of freedom of the antenna array is
limited by the number of antennas Nr. According to our as-
sumption, Nr ≥ U+U1+· · ·+UB so that the FDAAA receiver
has enough degree of freedom to deal with the MUI and the
CCI. If all the interfering signals are treated as equivalent
noise, the FDAAA detector will have full diversity order.
However, the SINR given in (30) will be minimized. On
the other hand, if the AAA weight is adjusted so that all the
interference will be suppressed, then the diversity order will
be minimized. And the SINR will be maximized. Therefore,
there exists a tradeoff between the SINR level and the diver-
sity order and it is interesting to find out how to perform
interference cancelation so that the system performance can
be optimized.

4. Simulation Results

In this section, the performance of the proposed FDAAA
algorithm will be confirmed by simulation results. To fo-
cus on the proposed algorithm itself, no channel coding is
used. In addition, ξ = 0 (no shadowing loss) is assumed as
already mentioned in Sect. 2. At first, single cell case is con-
sidered to study the performance of FDAAA receiver by as-
suming different AOA distributions. Then the performance
of FDAAA receiver by using interference cancelation and
full diversity is studied. Finally, the cellular system is con-
sidered. The performance of the FDAAA receiver assum-
ing various diversity orders are studied and compared. The
common parameters used in all the simulations are listed in
Table 1, and the other parameters used in each simulation
will be described later separately.

4.1 The Effect of AOA Spread

The objective of this simulation is to study the effect of AOA
spread on the performance of FDAAA receiver and single
cell case is considered. The propagation model is shown in
Fig. 6. We assume three AOA distribution models and single
cell case.

4.1.1 Non Spread AOA

Non spread AOA represents the situation that all the paths
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Table 1 Simulation parameters.

Modulation QPSK
Frame Length 256

Transmit Power Control Slow TPC

Channel Model
Frequency selective

block Rayleigh fading
Path loss exponent 3.5
Number of paths L 16
Power delay profile Uniform
Received signal to
noise ratio (SNR)

0 dB ∼ 20 dB

Nc 256

Fig. 6 Distribution of DOA spread.

associated with each user are coming from the same direc-
tion. And this assumption is used in [9]. Under this assump-
tion, the AOA of the uth user can be represented by

∠u,l = αu; u = 0, · · · ,U − 1; l = 0, · · · , L − 1, (31)

where ∠u,l represents the AOA of the lth path of the uth user.

4.1.2 Uniform Distributed AOA

The AOA of L paths is assumed to be spread uniformly
within the range of 2Δαu, the probability density function
(pdf) of the AOA of the uth user can be represented by

P
(
∠u,l

)
=

{ 1
2Δαu

αu−Δαu ≤ ∠u,l ≤ αu+Δαu

0 otherwise
, (32)

where Δαu represents the range of AOA spread.

4.1.3 Gaussian Distributed AOA

In the Gaussian distribution model, the p.d.f. of the AOA of
the uth user can be represented by

P
(
∠u,l

)
=

1√
2πΔαu

exp

⎛⎜⎜⎜⎜⎝−
(
∠u,l − αu

)2

2 (Δαu)2

⎞⎟⎟⎟⎟⎠ , (33)

where Δαu represents the rms spread of AOA.
In the next, the performance of FDAAA receiver us-

ing the three AOA spread models will be studied. The per-
formance of the pre-FFT AAA detection under exactly the

same conditions will also be simulated to make comparison.
To study the effects of different combinations of AOAs and
different numbers of users/antannas (the number of users U
is set equal to the number of receive antennas Nr), two-user
case (U = 2) and four-user case (U = 4) are considered.
For U = 2 case, the mean AOAs of the two users are set
as 30◦ and 180◦; and for U = 4 case, the mean AOAs of
the four users are set as 30◦, 140◦, 220◦ and 270◦. In both
cases, the desired user’s signal comes from a mean AOA
of 30◦. Non spread distribution, uniform distribution and
Gaussian distribution models of AOA distribution are used
and Δαu for uniform distribution and Gaussian distribution
varies between 4◦ and 8◦. The AAA weight control vector to
initialize the AAA weight calculation is wpre = [1, 0, 0, 0]T

and the step size μ is 1/32 [9].
Non spread AOA distribution is used at first. The

comparison between the average bit error rate (BER) per-
formance of the FDAAA detection and the pre-FFT AAA
detection is shown in Fig. 7(a). It can be observed that
when there is no AOA spread, the FDAAA detection and
the pre-FFT AAA detection achieve almost the same per-
formance. Next, the effect of the uniform AOA distribu-
tion on the performance is shown in Fig. 7(b) for Δαu=4◦
and Δαu = 8◦. It can be observed that the performance of
the FDAAA detection is exactly the same as the one with-
out AOA spread. However, the performance of the pre-FFT
AAA detection degrades significantly and error floor occurs
even with the small αu=4◦. The Gaussian distributed AOA
spread is considered in the next, the performance compar-
ison between the FDAAA receiver and the pre-FFT AAA
receiver is shown in Fig. 7(c). Similar results as the uni-
form distributed AOA are observed except that the perfor-
mance degradation is less significant when the same αu is
used. The reason that the AOA spread degrades the perfor-
mance of pre-FFT AAA detection is due to the fact that the
interference suppression ability is limited by the number of
antennas. By performing AAA weight control, only the in-
terfering signals from Nr − 1 directions can be suppressed
and the signals from the other directions remain as residual
interference. However, when the AAA weight control is ap-
plied in frequency domain, its interference suppression abil-
ity is enough as long as the number of signal components on
each frequency does not exceed the number of antennas.

4.2 Diversity Order/Interference Suppression in Single
Cell Case

In this simulation, the performance of FDAAA receiver will
be compared with the frequency domain receive diversity
combining (FDRDC) receiver. The number Nr of receive
antennas is chosen from Nr = 2, 3 and 4 and single cell case
is considered.

Firstly, we consider the situation when no MUI ex-
ists. The performances of the two receivers are shown in
Fig. 8(a). It is shown that when no MUI exists, the perfor-
mance of the two receivers is almost the same as each other.
As the number of antennas Nr increases, both FDAAA and
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Fig. 7 Effect of AOA spread on pre-FFT AAA detection and FDAAA
detection in single cell case.

FDRDC receivers benefit from the diversity gain and there-
fore, the BER performance improves. Next, we consider the
situation when U = Nr − 1. In this simulation, the number
of interfering users is 0, 1 and 2 for Nr = 2, 3 and 4 respec-
tively. The performances of the two receivers are shown
in Fig. 8(b). It is shown that with the existence of MUI,

Fig. 8 Diversity order/Interference suppression in single cell case.

the performances of both modes degrade. The performance
of FDRDC degrades and error floor occurs because that the
residual MUI limits the performance. The performance of
FDAAA degrades because of the reduction of diversity or-
der. However, it is obvious that the performance degrada-
tion is much smaller with FDAAA than with FDRDC. The
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results show that when strong interference exists (in the sin-
gle cell case, the MUI power can be as large as the desired
signal), the interference suppression is more effective to im-
prove the performance than the diversity order.

In the next, simulation is carried out to testify the per-
formance of FDAAA versus the number of users U. The
number of receive antennas Nr is set to 4 and U varies from
1 to 5. The performance is shown in Fig. 8(c). It is shown
that given a fixed Nr, the performance becomes worse when
U increases as we have discussed already. It is also shown
that an error floor occurs when U exceeds Nr. This is due to
the fact that AAA can and can only tolerate Nr − 1 interfer-
ers. Therefore, the number U of simultaneous users in the
uplink transmission should be limited to U ≤ Nr when the
FDAAA algorithm is applied.

4.3 Diversity Order/Interference Suppression in Cellular
System

For the purpose of simplicity, 1 active user (U = 1) at each
cell is assumed and the user is randomly located within the
cell. Slow TPC is used to keep the average received signal
SNR at each BS always at the target SNR for all users ir-
respective of the users’ location. However, the interference
powers from interfering users depend on their locations in
the co-channel cells. In the following simulations, the per-
formance of the FDAAA detection will be investigated by
assuming cellular system. Cellular structures using FRF=1
and FRF=4 shown in Fig. 2(a) and Fig. 2(c) will be used. To
find out the best way to perform interference suppression, It
is assumed that the BS of interest has perfect CSI between it-
self and the desired user as well as the interfering CCI users
and 7 working modes (Mode 0 ∼Mode 7) are defined in Ta-
ble 2 for the FDAAA receiver. By using different working
modes, the FDAAA receiver will suppress different number
of CCI interferences while those interferences which are not
canceled out will be treated as equivalent noise(Since per-
fect CSI at the BS of interest is assumed, the calculation of
Crr in (23) can be used to control the number of CCI to be
suppressed. That is to say, if a CCI is to be suppressed, its
CSI will be used to generate A∗u(k)Au(k) in (23); while if the
CCI is treated as equivalent noise, then its CSI will not be
used and the CCI power will add to N0 instead). The CCI
level in Table 2 represents the number of remaining CCI in-
terferences. For example, mode 0 has a diversity order of
Nr which means that all the CCI interferences are treated
as equivalent noise. Therefore, the corresponding CCI level
is 6. In the simulations, if CCI suppression is performed, it
will be performed on the CCI users with the most significant
receive power at the BS.

Average BER performance of FDAAA receiver with 7
receive antennas (Nr=7) is studied at first. For the purpose of
comparison, the maximum ratio combining (MRC) receiver
with and without CCI is also simulated for FRF=1. In the
following, the result of MRC receiver with CCI will be rep-
resented by MRC w/ CCI; and the result of MRC receiver
without CCI will be represented by MRC w/o CCI. The sim-

Table 2 Working modes of FDAAA receiver.

Mode 	 Diversity order CCI level
0 Nr 6
1 Nr − 1 5
2 Nr − 2 4
3 Nr − 3 3
4 Nr − 4 2
5 Nr − 5 1
6 Nr − 6 0 (no CCI)

Fig. 9 Performance of FDAAA receiver with Nr=7 in cellular case.

ulation results are shown in Figs. 9(a) ∼ (b) as a function of
TPC target SNR which has been defined in (9). When FRF =
1, It is observed from Fig. 9(a) that: (1) In the region of low
target SNR, Mode 0 achieves the best average BER perfor-
mance. Therefore, when the performance is noise limited,
the optimal way to achieve the best BER performance is to
use all the degree of freedom as diversity. (2) As the target
SNR increases, the optimal working mode corresponding to
the best achievable BER performance changes by a order of
Mode 0 → Mode 1 → · · · → Mode 5. It is shown that as
the target SNR increases, the effect of CCI interference be-
comes more and more significant than that of the noise. As
a result, interference suppression becomes more and more
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Fig. 10 Performance of FDAAA receiver with Nr=8 in cellular case.

powerful. (3) However, working Mode 6 does not achieve
better performance than Mode 5 in high target SNR region.
The reason is due to the incomplete interference suppres-
sion. Although the FDAAA receiver can minimize the av-
erage interference power, the instantaneous interference can
not always be zero after the weight control. Therefore, the
residual interference will limit the performance and cause
the error floor. (4) When the BER performance of FDAAA
is compared with MRC receiver, it can be observed that the
best achievable performance of FDAAA receiver is almost
the same as that of the MRC receiver without CCI. There-
fore, it is verified that FDAAA can successfully suppress
the CCI for single-carrier transmission in the cellular envi-
ronment.

When FRF = 4, it can be observed that the best achiev-
able BER performance is achieved by Mode 3, Mode 4 and
Mode 5 in sequence as the target SNR increases.

The observations make it clear (A) the there exist a
tradeoff between the interference suppression and the di-
versity order, as we have discussed in 3.4; (B) in addition,
the best BER performance cannot be achieved by using one
working mode. Instead, the optimal working mode that
achieves the best performance vary when FRF changes or

when the TPC target SNR changes.
If we increase the number of receive antennas Nr to 8,

the receiver will have larger degree of freedom. The sim-
ulation results for Nr=8 are shown in Figs. 10(a) ∼ (b). It
is observed that conclusions (A) and (B) are still true with
Nr=8 case. In addition, it is interesting to note that Mode 6
achieves the best performance in the high target SNR region
for both FRF=1 and FRF=4, which is different from the sim-
ulation results we observed from Nr = 7 case. Therefore,
with the additional degree of freedom, FDAAA receiver can
achieve the best BER performance by suppression of all the
interference in the high SNR region.

5. Conclusions

In this paper, a single-carrier FDAAA algorithm has been
proposed for the uplink detection in cellular systems. The
proposed FDAAA receiver can deal with the interference
while employ the frequency selectivity. The frequency do-
main SINR after the AAA weight control has been analyzed.
It has been shown by the simulation results that the proposed
FDAAA detection is not sensitive to the AOA spread and the
receiver with Nr antennas can deal with up to Nr−1 interfer-
ences. In addition, there exists a tradeoff between the inter-
ference suppression and diversity order. To find out the best
way to use the degree of freedom of the FDAAA receiver,
7 working modes have been defined and their performance
have been investigated. The simulation results have shown
that the working mode to optimize the system performance
depends on the FRF and the TPC target SNR as well.
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