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In this paper, single-carrier frequency domain adaptive antenna array (SC-FDAAA) for the
uplink multi-user multiple-input multiple-output (MIMO) transmission in a cellular sys-
tem is studied. By employing AAA weight control in frequency domain, the base station (BS)
can suppress the multi-user interference (MUI) and therefore realize multi-user SC trans-
mission. In addition, channel frequency selectivity can be exploited to obtain the frequency
diversity (or the multi-path diversity). The frequency domain signal-to-interference-plus-
noise-ratio (SINR) after weight control is investigated and the computational complexity
of the proposed receiver is analyzed. In numerical simulations, cellular structure using the
frequency reuse is assumed, and the effect of co-channel interference (CCI) is considered.
The performance of the SC uplink multi-user MIMO transmission using SC-FDAAA is testi-
fied and compared with other multi-user detection schemes. The link capacity (maximum
number of users/cell) and cellular link capacity (link capacity/frequency reuse factor) are

also be evaluated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In the cellular system, the base station (BS) is usually
equipped with multiple antennas and when multi-user
transmission is considered, the multiple users together
with the BS can be treated as a multiple-input multiple-
output (MIMO) system [1]. In the uplink multi-user MIMO
transmission, multiple antennas at the BS are usually used
as MIMO multiplexing [2] or MIMO diversity [3]. In both
cases, the degree of freedom is not used to suppress the
interference. Another way to use the degree of freedom
is to suppress the multi-user inference (MUI) by using
adaptive antenna array techniques [4].

On the other hand, broadband transmission has been
widely used in the wireless communication system. As a
result of multi-path fading with large delay spread, the
broadband wireless channel is severely frequency selec-
tivity [5]. Therefore, it is necessary to suppress the inter-
symbol interference (ISI). The ISI problem can be avoided
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by the use of multi-carrier transmission technique and the
orthogonal frequency division multiple access (OFDMA)[6]
has been adopted as a good solution for the down-
link transmission. However, the multi-carrier transceivers
are suffering from high peak to average power ratio
(PAPR) problem which can lead to severe performance
degradation. To avoid ISI as well as high PAPR problem,
single-carrier frequency domain equalization (SC-FDE) has
attracted much interest recently [7].

Furthermore, in the cellular system, the same carrier
frequency is reused by spatially separated cells to increase
the spectrum efficiency [8]. As aresult, co-channel interfer-
ence (CCI) becomes the dominant performance limitation
instead of the thermal noise [9].

In our previous study [10], we proposed frequency do-
main adaptive antenna array (SC-FDAAA) to suppress MUI
in the frequency selective fading channel. In this paper, we
will study uplink multi-user MIMO transmission using SC-
FDAAA. The signal-to-interference-plus-noise-ratio (SINR)
as well as the computational complexity of SC-FDAAA
receiver will be analyzed. In numerical simulations, the
SC-FDAAA receiver will be compared with other multi-user
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detection algorithms and the link capacity will be evalu-
ated as well.

The rest of the paper is organized as follows. The sys-
tem model of SC uplink multi-user MIMO transmission in
a cellular system is described in Section 2. The SC-FDAAA
for MUI cancellation is described in Section 3. The fre-
quency domain post SC-FDAAA SINR and the computa-
tion complexity analysis will be analyzed in Section 4.
The performance of the SC-FDAAA will be compared with
other multi-user detection algorithms and the link capac-
ity given by the maximum number of users/cell will also be
evaluated in Section 5. Finally this paper will be concluded
in Section 6.

2. System model

We start from the simple case in a single cell. The
system model of SC uplink multi-user MIMO transmission
is shown in Fig. 1. It is assumed that, the BS is equipped
with N, receive antennas. The number of active users
per cell is U and each user has one transmit antenna.
Therefore, the uplink transmission between the U users
and the BS is carried out in a U x N, MIMO channel.
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 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

L-1
hum(T) =) humi8(t — 70, (1)
1=0

where hy ,; and 7; are the path gain and time delay of
the Ith path, respectively. hy | follows the complex Gaus-
sian distribution (Rayleigh distribution) and satisfies Z,L;ol
E{|hy.m.|*} = 1 where E{-} represents the expectation op-
eration. It is assumed that, the time delay t; is a multiple in-
teger of the symbol duration and 7; = L. The cyclic-prefixed
block signal transmission is used to avoid inter block inter-
ference (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 equivalent received signal block {r,(t);
t =0 ~ N, — 1} of N, symbols at the mth antenna is given
by

Uu-1 L-1
Tn(0) = Y /Pudy*10786/10 "y s, (£ — 1)
u=0 0

1=

where s,(t) and P, are the transmit signal and transmit
signal power of user u (u = 0 ~ U — 1), respectively. d,
represents the distance between user u and the BS; « and &
represent the path loss exponent and shadowing loss in dB,
respectively. To simplify the analysis, £ = 0 (no shadowing
loss) is assumed. n,, (t) is the additive white Gaussian noise
(AWGN).

According to (2), the frequency domain representa-
tion of the received signal at the mth antenna on the kth

User u

BS

Fig. 1. Uplink transmission.

frequency is given by [11]

U-1

R (k) =Y~ Hym(K)Su (k) + N (K), (3)
u=0

where

Ne—1
Su(k) = \/7 Z su(t) exp (—JZyrk—)
- 1NC—1

Hum() =YY " humiexp (—Jznk—> 4)

=0 t=0

Ne—1
Npn(k) = Z nn(t) exp (—]2nk )

t=0

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

Uu-1
R(k) = Y Hy(k)Su(k) + N(k), (5)
u=0

where H, (k) = [Hu,o(k) Hy.1(k) Hyn, -1 (k)]T and
N(k) = [No(k) Ni(k) Ny, —1(k)]" with the super-
script T representing transpose operation.

In the cellular environment, there exists CCI from the
neighboring co-channel cells due to the frequency reuse.
The frequency reuse in cellular systems is shown in Fig. 2,
where the frequency reuse factors (FRF) are 1, 3, 4 and 7,
respectively. The commonly used first layer CCI model [9]
is used here, i.e., only the CCI from the first layer neighbor-
ing co-channel cells will be considered and the number of
CClI cells will be B = 6. The received signal in (2) should be
modified to include the CCI, and it can be rewritten as

Uu-1 L-1
rm(t) = Z\/ Pud;a Z hu,m,lsu(t - l)

B U-—
+szzclu,mlszul(t )

i=1 uj=
+ np(t), (6)

wheres; ,, and P; ,, are respectively the transmit signal and
transmit signal power of the u;th user in the ith co-channel
cell; d; y; and ¢; y; m,; are the distance and channel gain be-
tween the CCI user and the BS, respectively.
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Fig. 2. Frequency reuse in cellular systems.

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

Uu-1
Rm(K) = > Hum(K)Su(k)

u=0
B Ui—1
+ )Y Cupm (S (k) + N k), (7)
i=1 u;=0
where
Ne—1 ¢
Sty (K) = \/Prugdis Y s () exp (—ijrkN>
t=0 ¢

(8)

L—1 N¢—1

) t
Cupm(®) =Y D~ Ciuym1€Xp (—Jerka)
=0 t=0 ¢

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

In our study, slow transmit power control (TPC) in each
cellis assumed and the transmit power of each user in each
cell is controlled, so that the average signal-to-noise ratio
(SNR) received at the corresponding BS is kept at the target

SNR, i.e.

2 o
P,/o* = FTPC,Target di
2 o
Pi,ui/a = FTPC_Target di’uv

(9)

where I'pc Target is the TPC target SNR and o2 is the noise
power.

3. SC-FDAAA algorithm

3.1. Transmitter

The transmitter structure is illustrated in Fig. 3(a) [12].
Binary data sequence is modulated and divided into a
sequence of blocks of N. data symbols. The last N; 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 channel estimation and AAA weight control. The frame
structure of the transmit signal is shown in Fig. 3(b).

3.2. Receiver structure

The transmit signals from the U users will be recovered
from (7) one by one at the BS by using AAA weight control.
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Fig. 3. Transmitter structure and transmit frame structure.

The structure of SC-FDAAA receiver is shown in Fig. 4.
AAA weight control is applied on each frequency. Given
the frequency domain received signal in (7), AAA weight
control is performed as

R(k) = W, an (OR(K), (10)

where Wrpapa(k) = [Wrpaaa0(K), - . ., Wrppaan,—1 (K]
is the SC-FDAAA weight control vector. The SC-FDAAA
weight is designed to minimize the mean squared error
(MSE) between the SC-FDAAA output and the reference
signal (in this study the pilot sequence is used as the refer-
ence signal). Take the transmit signal from the Oth user as
an example. The MSE is given by
E{E*(k))

= E{[So(k) — Wipaaa ()R T*[So (k)

- W;DAAA(k)R(k)]}
S:(k)So(k) — S5 (k)W;DAAA(k)R(k)
=E — R*(k)WH, 14 (k) So (k) , (11)
+ R* (k)WL san ()W aan (OR(K)

where E{-} denotes the ensemble operation, superscript
* represents the conjugate and superscript H represents
the conjugate transpose operation. To minimize the MSE

n (11), the SC-FDAAA weight Wepaaa (k) must satisfy the
following equality

AE{E%(k)} _
dWepaan (k)

By substituting (11) into (12), the following equality is ob-
tained

E{—2So(k)R* (k) + 2R* (K)R(K)Wipaaa (K)} = 0. (13)

By solving (13), the SC-FDAAA weight vector Wgpaaa (k) is
obtained as [13]

Wipana (k) = €' (k) Cra (), (14)
where
C. (k) = E{R*(k)R(k)}

(12)

U-1
= A5 (WA (k) + Y A% ()AL (K)
u=1

B Ui—1

+ Z Z A?jui (’<)Ai.ui (k) + N()l

i=1 u;=0
= Aj(k)Ao (k) + N'(k), (15)

and

Cra(k) = E{R*(k)So(k)} = Ag(k)So (k). (16)
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AN | é

|eAIBlU| pienS)

144 od oN

#0

|leAlaju| piens-
144 ui0d oN
1441 jutod oN
uoisioaQ ejeq

Fig. 4. Structure of FDAAA receiver.

In (15), Ag(k) = Hy(k)So(k) represents the propagation
vector [14] of the transmit signal from the desired user,
A;(k) and A; (k) are the propagation vectors of the trans-
mit signal from the MUI and CCI, respectively. It is assumed
that, the inference signals, the desired signal and the noise
signal are uncorrelated with each other. Ny represents the
power spectrum density of the AWGN (which is white in
frequency domain) and I is an N, x N, standard matrix.
N’ (k) is used to represent the interference plus noise.

After performing the SC-FDAAA weight control, the
time domain signal block estimate is obtained by N.-point
IFFT as

R 1 Neml ;
d(t) = N Z R(k) exp <—]2nkN—c> (17)

¢ k=0
for data decision.

4. SINR analysis and computational complexity analysis

The SINR after the weight control on the kth frequency
can be evaluated by [13]
wH L (OR (WS,

o
W (RN (KOWEaaa
where R, (k) and Ry; (k) are the auto-correlation matrix of
the received desired signal and the interference plus noise,
respectively.

k) = (18)

Property. Ifa matrix Z can be writtenasZ = T-' +PQ~'P*,
then the inverse matrix of Z can be obtained by [15,16]

Z7' =T — TP(Q + P*TP) " 'P*T. (19)
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Fig. 5. Computational complexity comparison.
LetZ = Cy(k), T = Ry (k), P = Aj(k) and Q = I, then

the inverse matrix C,! (k) can be calculated by submitting
Z,T,Pandlinto (19)

C,' = Ry (k) — Ry (k)A; () [1 + Ao (k)R A5 (k)] !
x Ao (K)Ry,' (k)

* —1
— Rﬁll (k) I— Ao (k)AO (k)ENl*(k)
I+ Ao (k)R A§ (k)

— 1 -1
B L + Ao(k)R,;,lAg‘(k):| Ry (6). (20)

The SC-FDAAA weight is then obtained by substituting
(16) and (20) into (14), given by

1
Wipana (k) =
masa (k) [ 1+ Ag(k)Ry' A% (k) }

x Ry, (k)Ag (k)So (k). (21)

Finally, the SINR after the weight control can be ex-
pressed, by substituting (21) into (18), as

(k) = Ay (ORy (K)A3 (k). (22)

In the next, we discuss the computational complexity
of the proposed SC-FDAAA receiver for uplink multi-user
MIMO transmission in terms of the number of complex-
valued multiplication operations. Since FFT and IFFT cal-
culations have fixed computational complexity, here we
focus on the frequency domain signal processing. From
the Eqgs. (10) and (14)-(16), the computational complex-
ity for each frequency is composed by the calculation
of Cpr, Crg, €', € 'Crg and Wi 00 (KR(K). The computa-
tional complexity of each part in the frequency domain
signal processing is listed in Table 1. In order to make com-
parison, the computation complexity of diversity combing
(DC) and least square (LS) schemes (the details of these two
schemes will be described in Section 5) is also listed. Note
that, channel estimation is necessary and the simple least
square channel estimation is assumed which costs one
complex-valued multiply operation on each frequency.

Given N, = 256, the numbers of complex-valued mul-
tiplications are shown in Fig. 5 as an example. It is shown

that, DC algorithm has the lowest complexity among the
three algorithms. On the other hands, FDAAA algorithm
and LS algorithm have similar complexity, especially when
the number of antennas increases.

5. Simulation results

In this section, the performance of the uplink multi-user
MIMO transmission using SC-FDAAA will be investigated.
To focus on the proposed algorithm itself, no channel cod-
ing is used. In addition, £ = 0 (no shadowing loss) is as-
sumed as already mentioned in Section 2. The parameters
used in the simulations are listed in Table 2.

5.1. Bit error rate performance (BER)

The BER performance of the SC-FDAAA for uplink multi-
user MIMO transmission is compared with two other
detection schemes at first. The reference schemes are DC
and a LS schemes. All the three detection schemes use the
same transmitter structure. In DC scheme, MUI is treated as
noise, so that diversity combining techniques can be used.
The signal after DC on the kth frequency is expressed by

Reppc (k) = WEpc (kR(K), (23)

where Wppe (k) = [Weppc,0(k), - . ., Wrppe v, —1(k)]" is the
DC weight. The DC weight is given for various diversity
combining criteria as [17].

Wreppc (k)

H* (k), ..., H*y (k)]
[Hg o (k) o, 101 7F

Nr—1
> [Hom(K)|?
m=0

T
H{ o (k H; k
[ o) O,N,_1<>] .

Hg oGO |Hg 1 (K|
[He oK), ..., Hin_1(0]" MRC

[Hio®), .. Hyy _ (0]
Np—1
Zo [Ho,m(K)|?> + (02 + Pr) /Py
m=
where ZF, EGC, MRC and MMSE represent the correspond-
ing DC techniques, P; is the interference power. It is shown
in[17] that, when N, > 2,ZF DC and MMSE DC have almost
the same BER performance. Therefore, ZF DC will be used
for its simplicity.
For LS scheme, the signal estimate on the kth frequency

is given by [2]

(24)

MMSE

Rus(k) = H¥ (k) (H(OHY (k) ™' R(K), (25)

where H(k) = [Ho (k) Hy_1(k)].

BER performance comparison between the three detec-
tion schemes are made by assuming four receive antennas
(N; = 4) and the number of users varies from {1, ..., N;}
(U = 1,...,4), the results are shown in Fig. 6. At first,
U = 1is used so that no MUI exists. The BER performance
is shown in Fig. 6(a). It is observed that, the three schemes
have almost the same performance when no MUI exists. In
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Table 1
Computational complexity.

Detection algorithm

Number of complex-valued multiplications on each frequency

Total computational complexity

Channel estimation

1

Cyr O(N?)
C d O(Nr) 3 2
SC-FDAAA rd N.O(N? + 2N7 + 2N, + 1)
c,,j O(N;) e r "
C,'Cy O(N?)
W pan (OR(K) O(Nr)
. . Channel estimation 1
e O o0 Mo+ 41
H" (k) (H(k)HF (k))R(k) O(N;)
MIMO diversity Channel estlmatlo? 1 NO@N, + 1)
Diversity combining algorithm [HEU(k) """ Hg-Nr*”k)] O(N;) ‘ '
Ty Hom (012 '
m=o Hom
W (KR(K) O(N;)
Table 2

Simulation parameters.

Modulation
TPC target SNR Itpc_Target
Frequency reuse factor (FRF)

QPSK
— Q0
1,347

Channel model

Frequency selective block Rayleigh fading

Channel Path loss exponent o 2535
Number of paths L 16
Power delay profile Uniform
Number of antennas N, 2-8
Number of users U in each cell 1~N,
SC-FDAAA (proposed)
Receiver algorithms DC
LS

Locations of users
FFT block size N,

Randomly distributed
256

the next, the number of users U increases from 2 to 4, and
the BER performances of the three schemes are shown in
Fig. 6(b)-(d), respectively. Our finding is four-fold. Firstly,
the performance of the three algorithms all degrades when
the number of users increases. This result is implied by the
SINR expression in (22). When the number of receive an-
tennas is fixed, the prorogation vector Ag(k) in (22) will
be fixed as well. When the number of users in each cell
increases, the number of MUI will increase, and the CCI
power will also increase. Therefore, the components of the
auto-correlation matrix Ry; (k) of interference plus noise in
(22) will also increase in their values. As a result, the post
SC-FDAAA SINR will decrease and then BER performance
will degrade; Secondly, the performance of SC-DC scheme
suffers from significant error floor when U > 2. The reason
is that, as already mentioned, the MUI is treated as noise in
SC-DC scheme. When U > 2, MUI will dominate the BER
performance instead of the noise. Therefore, significant er-
ror floor occurs in the BER curves of SC-DC scheme; Thirdly,
SC-FDAAA scheme achieves better performance than that
of SC-LS scheme. This is because that, the objective of SC-
FDAAA scheme is to minimize the square error between
the signal estimate and the transmitted signal of the de-
sired user, while the objective of the SC-LS scheme is to
minimize the square error of the signal estimate vector and
the transmitted signal vector. As a result, the SC-LS scheme
will increase the noise power on the desired user while the
SC-FDAAA scheme will not. Therefore, the SC-FDAAA can

achieve better performance than the LS scheme; Finally,
SC-DC algorithm achieves the best performance in low SNR
region in the case when U = 4. The reason is that, when
U = 4, all the degree of freedom of the receive antennas
will be used to suppress the MUI for SC-FDAAA scheme, as
well as the LS scheme. Since the performance of SC-FDAAA
and SC-LS scheme are dominated by noise, the diversity
gain achieved by the SC-DC scheme can yield better per-
formance in low SNR region.

The BER performance of the uplink SC multi-user MIMO
transmission as a function of active users and FRF is
studied in the next. In this simulation, N, = 8 is used
and the number of users in each cell varies from 1 to 8.
We compared the BER performance when the path loss
exponent « varies between 2.5 and 3.5, and the results are
shown in Figs. 7 and 8, respectively. It is assumed that, the
target SNR I'tpc_targer approximates infinite. As a result, the
BER is determined by the MUI and CCI only. It is observed
from both Figs. 7 and 8 that, the BER performance can be
improved when a larger FRF is used. The reason is that,
when the FRF increases, the distance between the CCI user
and the BS will increase. Given a fixed path loss exponent,
the CCI power will be reduced and the BER performance
will be improved.

By comparing the results in Fig. 7 when « = 2.5 and the
results in Fig. 8 when o = 3.5, it is observed that, when a
larger path loss exponent is used, a better BER performance
can be achieved when the other parameters remain the
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Fig. 6. BER performance comparison.
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Fig. 7. BER performance of uplink SC multi-user MIMO detection, ¢ =
2.5.

same. The reason of the BER performance improvement is
that, when a larger path loss exponent is used, the signal
power of CClI user will reduce if the location of the CCI user
remains unchanged. On the other hand, the signal power of
MUI remains the same because the TPC control guarantees
the same SNR target of different users. As a result, the

post SC-FDAAA SINR decreases and the BER performance
improves.

5.2. Link capacity and cellular link capacity

Next, we invested the link capacity given by the maxi-
mum number of users/cell. Since we are considering un-
coded system, the target BER is set to be 10~2 with an
outage rate of 10% (Q = 0.1). The maximum number of
users/cell as a function of receive antennas using « = 2.5
and o = 3.5 are shown in Figs. 9 and 10, respectively. It is
observed that, by using the SC-FDAAA to suppress the MUI,
SC uplink cellular multi-user MIMO transmission can be re-
alized. When o = 2.5, the multi-user MIMO transmission
can be realized only when FRF > 1; For example, when the
BS has 8 antennas, each cell can accommodate a maximum
number of 4 users when FRF = 7. When « = 3.5, uplink
cellular multi-user MIMO transmission can be realized for
all the FRFs including FRF = 1. Two users/cell can be ac-
commodated by a BS with 8 antennas when FRF = 1. And
5 users/cell can be accommodated by a BS with 7 antennas
when FRF = 7 is used.

By using a larger FRF, more bandwidth will be used in
cellular system. Therefore, the cellular link capacity de-
fined as link capacity normalized by FRF factor is also an
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important capacity evaluation. The cellular link capacity is
then shown in Figs. 11 and 12 for¢ = 2.5 and o = 3.5,
respectively. It is observed that, FRF 1 can obtain the max-
imum cellular link capacity in both cases of « = 2.5 and
o = 3.5. Therefore, the SC-FDAAA receiver can improve
the bandwidth efficiency by using single frequency reuse.

1 . . . N
Cellular link capacity=link capacity/FR/lV:
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Fig. 12. Cellular link capacity, « = 3.5.

On the other hand, it is noticed that, the cellular link ca-
pacity for N, = 8is 1fora = 2.5 and 2 for « = 3.5 re-
spectively, which can be further improved by using more
advanced cellular structure. And this remains a topic of our
future work.

6. Conclusions

In this paper, uplink multi-user MIMO transmission
using SC-FDAAA in a cellular system has been studied. In
order to make a comparison, two other weight control
schemes, namely, SC-DC and SC-LS, have been introduced.
Comparison between the SC-FDAAA and SC-DC and SC-
LS schemes have been made in terms of computational
complexity and BER performance. It has been shown
that, the SC-FDAAA scheme has similar complexity as
the SC-LS, while the performance of SC-FDAAA is the
best among the three schemes. In addition, it has been
shown that, the performance of the multi-user MIMO
transmission can be realized. The BER performance and
the capacity performance are affected by the number of
receive antennas at the BS, the number of active users,
the cellular structure as well as the path loss exponent.
For FRF = 1 case, two users/cell can be accommodated
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by a BS with 8 antennas; For FRF > 1 case, 5 users/cell
can be accommodated by a BS with 7 antennas. When
cellular link capacity is considered, FRF 1 can obtain the
best performance.
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