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Abstract. By combining adaptive modulation (AM) and
automatic repeat request (ARQ) protocol as well as user
scheduling, the cross-layer design scheme of multiuser
MIMO system with imperfect feedback is presented, and
multiple outdated estimates method is proposed to improve
the system performance. Based on this method and imper-
fect feedback information, the closed-form expressions of
spectral efficiency (SE) and packet error rate (PER) of the
system subject to the target PER constraint are respectively
derived. With these expressions, the system performance
can be effectively evaluated. To mitigate the effect of de-
layed feedback, the variable thresholds (VTs) are also
derived by means of the maximum a posteriori method, and
these VTs include the conventional fixed thresholds (FTs)
as special cases. Simulation results show that the theoreti-
cal SE and PER are in good agreement with the corre-
sponding simulation. The proposed CLD scheme with
multiple estimates can obtain higher SE than the existing
CLD scheme with single estimate, especially for large
delay. Moreover, the CLD scheme with VTs outperforms
that with conventional FTs.
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1. Introduction

The ultimate objectives of wireless communication
systems are to satisfy the quality of service (QoS) and rate
requirements. Therefore, in order to ensure high data rates,
low latency and increased link throughput, the advanced
technique schemes are often employed, such as cross-layer
design (CLD) and multiple-input multiple-output (MIMO)
are adopted to obtain high spectral efficiency (SE) and
capacity [1]. Moreover, CLD combining adaptive modula-
tion (AM) and automatic repeat request (ARQ) is widely
accepted as an efficient means to improve the overall per-
formance of transmission in fading channels [2-6]. In [2],
a cross-layer design combined adaptive modulation and

coding at the physical layer (PHY) and ARQ protocol at
the data link layer (DLL) over Nakagami fading channel is
developed. By employing different space-time coding
schemes, the performance of MIMO system with CLD is
studied in [3]. The performance of CLD with STBC is
analyzed in optical MIMO system in [4]. Considering that
prefect feedback is hard to achieve, [S] and [6] study the
performance of CLD with STBC under delayed feedback
and imperfect estimation information, respectively. How-
ever, the above CLD schemes are designed for single-user
MIMO environment, and thus they will be not suitable for
multiuser scenario in practice. For this, the performance of
AM scheme for multiuser system with imperfect feedback
is studied in [7], but the analysis is only suitable for single
antenna system. Under the feedback constraint, a CLD
scheme is presented for multiuser MIMO systems, and the
corresponding performance is investigated in Rayleigh
fading channel [8]. Unfortunately, these CLD or AM
schemes for imperfect feedback basically consider single
outdated estimate only, and thus the performance improve-
ment is limited. Although [9] presents an AM scheme
based on multiple channel estimations to improve SE, the
scheme is only designed for continuous-rate modulation.
Thus, the practicability is not strong because the modula-
tion is often based on discrete rate in practice.

According to the analysis above, the system perform-
ances of single user MIMO with CLD scheme are well
studied. Moreover, most of CLD schemes are based on
perfect CSI, but the perfect CSI is difficult to obtain due to
channel estimation error or feedback delay. Although some
schemes are designed for imperfect feedback, they are
limited in single outdated estimate (SOE) information and
fixed switching thresholds, and thus the system perform-
ance is hard to be improved effectively. Motivated by the
reason above, we will develop a CLD scheme for multiuser
MIMO system with imperfect feedback information by
combining the AM at the PHY and ARQ as well as user
scheduling at the DLL, where multiple outdated estimates
(MOE) method is presented to improve the system per-
formance. Based on this MOE method and performance
analysis under imperfect channel state information (CSI),
the probability density function (PDF) of effective signal-
to-noise-ratio (SNR) and the fading gain switching thresh-
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olds for AM are respectively derived. According to these
results, the closed-form expressions of average packet error
rate (PER) and SE of the system are obtained. These
expressions include the ones under conventional SOE or
under perfect CSI as special cases. With these expressions,
the system performance under imperfect CSI can be effec-
tively assessed. Besides, subject to target packet loss rate
(PLR) constraint, the variable switching thresholds are
derived by using the maximum a posteriori (MAP) method.
Simulation results show that the proposed CLD scheme
with MOE can obtain much higher SE than the conven-
tional CLD scheme with SOE because of more available
outdated information. Moreover, the derived variable
thresholds (VTs) can further reduce the effect of imperfect
CSI on the system performance. Namely, the system per-
formance with VTs is superior to that with conventional
fixed thresholds (FTs).

The notations throughout this paper are as follows.
Bold upper case and lower case letters denote matrices and
column vectors, respectively. The superscripts (-)7, (-)" and
()" denote the Hermitian transposition, transposition and
complex conjugation, respectively.

2. System Model

We address downlink transmission in a multiuser
MIMO system employing antenna selection (AS) shared by
K users, and the system operates in a flat Rayleigh fading
channel and homogenous case. There are ny transmit anten-
nas at the base station (BS) and 7y receive antennas at each
user side. For a homogeneous case, the statistics of users
are the same and their SNRs are assumed to be independ-
ent, identically distributed (i.i.d) random variables [10],
[7]. The scheduler of the BS will select the user with the
maximum absolute SNR, that is, the absolute SNR-based
scheduling scheme (greedy scheduling) is used, which
means maximizing the throughput of a multiuser system
[7].

The channel between the transmitter and the kth user
is characterized by a nzpxmnr matrix such that
H' =[] ] =[h{,..,h;...h; ], whose elements are
i.i.d complex Gaussian random variables (r.v.s) with zero
mean and unit variance. h} =[ hllfi...,hj’.‘yi...,hfkj]r is the

npxnp

channel vector of the kth user. h;‘l. denotes the channel gain

from the ith transmit antenna to the jth receive antenna for
the kth user. The channel is assumed to be perfectly known
at the receiver, and is fed back to the transmitter with delay
7. Each receiver tracks its own instantaneous channel SNR
and feeds back the CSI to the BS over the outdated chan-

nel. For the current channel hj.‘,. (¢), we use its single de-

~k
layed version hj.‘l. (t—7) as its estimate /;,(¢). The power

correlation coefficient between the channel hff (¢) and its

~k
estimation h;,(¢) is given by p=J; (27 f,7) [11], where

Jo(*) is the zeroth-order Bessel function of the first kind,
and f; is the maximum Doppler frequency. According to
the CSI feedback, the BS scheduler selects the user that has
the best link quality among all the K active users based on
a greedy scheduling scheme, then the BS adapts the trans-
mission rate to the signal of the scheduled user, and after
that, the BS selects the best transmit antenna which has the
maximum feedback SNR to perform the data transmission.
If the transmitter selects the ith antenna for data transmis-
sion, the ngx1 received signal vector x* of user k can be
written as [10]

“=his" +w (1)

where s* is transmitted data symbol of user k£ with average
energy E, and w! is a ng x 1 noise vector, whose elements
are i.i.d complex Gaussian random variables with mean zero
and variance ¢°. The average SNR per data symbol is

v=E1 o [10]. When maximal-ratio combining (MRC)
i1s used at the receivers, the instantaneous SNR with ith
selected transmit antenna for the kth user can be expressed
as yf = 72"" |hk , where Zjil |hf,i |* is chi-square
distributed with 2nz degrees of freedom. Hence, the prob-
ability density function (PDF) of ;/l.k can be given by

fron = Lexp(-y/7) 2

/
(n R>(7 24

where () is the gamma function. This is also the PDF of
the feedback SNR for user & , 7 = yznk l* . Consid-

1]’

ering that h ;i and hf , are from the same random process,

they have the same probability distribution. The transmitter
allocates the radio resource to a user who can achieve the
largest feedback SNR when selecting the “best” transmit

antenna, and thus the effective SNR, 7 is expressed as
i ®)

According to the order statistics [12] and (3), and
using transformation of variables, the CDF and PDF of 7

y= max
i=1,2,np k=12, K

can be obtained as follows:

F) =1 £ (e}

| 720 @4
1 exp(y/y)Z”“ I
and
np— A L-1 1
1) =D Ly - JZ( j
(ng=D! 'y (5)
m(ng—1)
x(=1)" exp(-my /| ¥) Z @, (717)



RADIOENGINEERING, VOL. 23, NO. 3, SEPTEMBER 2014

865

where L = n;K, and ., is the coefficient of (}7/77)L in the
expansion of (Z:S (7? / 77)" /)",

Based on the analysis above, only a single delay
channel is used for predicting the real channel. Although
this single estimation method has a pervasive application,
the estimated channel is not accurate enough since other
outdated channel information is not utilized. For this
reason, multiple outdated estimates will be employed for
accurate estimation in the following CLD.

3. Cross-layer Design with Multiple
Outdated Estimates
Considering that existing CLD schemes with imper-
fect feedback are basically based on single outdated esti-
mation method in Section 2, the performance improvement
is limited. Based on this, we will present the CLD scheme
for multiuser MIMO based on multiple outdated estimates

method so that the SE and PER performance will be effec-
tively improved.

3.1 Multiple Outdated Estimates

In this subsection, we will give the MOE method. As
analyzed in Section 2, 7 is derived from the estimate chan-

nel. However, conventional estimation only considers
a single delay channel hj’.‘i(t—z-). For this, we use multiple

previous channel estimates, which are produced prior to
h/’.fl.(t—r), in combination to reduce the uncertainty in
~k
hii(t). Assuming Z estimates, h} (1 —7), h}(t—27), ...,
h;.‘ [(t—Zr) are available, then the correlation coefficient is
given by
k k*

E{l(t—ur)hl, (t—v)| = J,2x f,(v—u)r) . (6)

Let  the estimated  channel  vector  be
Lk ok k k T Cko
W, =[h,(t—7),h;,(t-27),....,h,(t—Z7)] ,then h’, is

Gaussian distributed with zero mean, and the covariance
matrix is given by

h.j'ii(t) ki N koH 1 a”
EqlE () @) =L B} ()

Jii
where a=E{R* 15 (1)] . B=E{R: )"} . AL (0)

given ﬁl;, is a Gaussian distributed with mean
~k A
Hyp-1y, k : 2 Hyp-1 k
h;i(t)=a"B 'h}, and variance §* =1-a"B'a. h,(1)
~k .. . .
and h;; (z) are jointly complex Gaussian with power cor-

relation coefficient p=1-¢> [9]. Since the multiple

previous channel estimates are utilized, the correlation
A~k
coefficient p will be large. As a result, 4, will be accurate

enough to estimate the real hﬁi. Correspondingly, the

effective SNR 7 is very close to the real SNR y, and the

feedback information will be reliable. This multiple esti-
mates method includes single outdated estimate (i.e., Z=1)
as a special case. Based on the correlation coefficient of
multiple outdated estimates, the conditional PDF of y

given y is expressed as [11]

1-p)7 "\ (1-p)7

A

v

PW(}/ J
720 (8)

np—1
T ~
yo/4 (I-p)y

where 7,(*) is the n-order modified Bessel function of the
first kind [13]. With (5) and (8), the joint pdf of ]9 and
¥ can be obtained as

R L77—(nR+1) }7; nRZ—l 2 pj\/}/
s \ry)m— () * 1, _ =
e T (e

Xexp(_ y+7 EEL_IJ(—I)’" ©

(1_10)}7 m=0\_ M
A\ m(ng—1) AN\¢

my Y

xexp| ——— a,,| =
2L (2]

3.2 Cross-layer Design

By combining AM at the PHY and ARQ protocol as
well as user scheduling at the DLL, we will give a cross-
layer design scheme based on the MOE above for multi-
user MIMO system with antenna selection, and MQAM is
considered for modulation in the system.

At the transmitter, according to the delayed CSI feed-
back from the receiver, the BS scheduler selects the user
that has the best link quality among all the active users, and
then the BS selects the best transmit antenna which has the
maximum feedback SNR. After that, the modulator per-
forms adaptive modulation in terms of the feedback CSI,
and subsequently, the modulated symbols are transmitted
by the selected transmit antenna. At the receiver, the chan-
nel states are estimated and measured for controlling the
modulation mode by using MOE method, and the estimated
CSl is fed back to the transmitter via a feedback path. With
the obtained CSI, the adaptive demodulation is performed
and the resultant decoded bits are obtained. Then, these bit
streams are mapped to packets, which are pushed upwards
to the data link layer. According to [2], at the data link
layer, the selective repeat ARQ protocol is implemented. If
an error is detected in a packet, a retransmission request is
generated by the ARQ generator, and is communicated to



866 XIANGBIN YU, YAN LIU, YANG LI, QIUMING ZHU, XIN YIN, KECANG QIAN, PERFORMANCE OF CROSS-LAYER DESIGN ...

the ARQ controller at the transmitter. Otherwise, no re-
transmission request is sent.

For discrete-rate MQAM, the constellation size M, is
defined as {My=0, M,=2", n=1,...,N}, where M, means
no data transmission. The MQAM of constellation size M,
is used for modulation when the SNR 7 falls in the nth

region [y, ,7,.,) . According to [2], the PER of MQAM
with two dimensional Gray code over additive white Gaus-
sian noise (AWGN) channel for the received SNR 7 and
constellation size M, is approximately given by

1, i 7<Vpm

. . (10)
a, exp(_gn7)7 l'fyzj/pn

pre]

where {a,, g, 7} are constellation and packet-size
dependent constants, and they can be obtained by fitting
(10) to the exact PER.

We first define the target packet loss rate for the data
link layer as Pj,. Since truncated ARQ is used at the data
link layer, the packets in error may be retransmitted up to

N™ (i.e., maximum number of retransmissions). Hence,
the target PER is P, = P,/ (N/"*1 at the physical layer,

which is generally limited as P,< 1. The switching thresh-
olds {y,} can be set to be the required SNR to achieve the
target PER, P,, over an AWGN channel. By inverting the
P, in (10), we can obtain the switching threshold values as

]/n:_ln(P()/an)/gn’ ’N’
}/0203 7/N+1:+OO'

n=1,..
(11)

The above thresholds do not consider the impact of
delayed feedback information, so they are referred as fixed
thresholds (FTs). Because our CLD scheme is based on
MOE, the resulting system performance will perform better
than the conventional CLD scheme based on SOE only,
which will be confirmed in the following numerical results.

4. Performance Analysis of CLD with
Multiple Estimates

In this section, we will give the performance analysis
of CLD with antenna selection (referred to as CLD-AS) for
multiuser MIMO with imperfect feedback. Based on the
switching thresholds described in (11), we can calculate the
probability that the effective SNR 7 falls in the n-th region

[7,,7,.)» denoted by Pr ,as
L 11 1 N m(ng=1) o,,
Pr,=——=3 D" D
(ny, =D\ m ) (m+1) *

x[I'(n, +c, my

(12)

7 )Ty +c, =~ ,,H)]

where I'(-,”) is incomplete Gamma function [13]. For
discrete-rate adaptive scheme, the SE at the PHY is defined
as the ensemble average of valid transmission rate. So the
average SE of the system at the PHY can be given by

S_ephy = ﬁRnPrn

n=1

N 1 L_l m(ng=1)
e e (13)
nz<nR—1)'§{ j( g Z ( +1)"R*‘
AT+, ) )Ty +e. ™y )1

We defined ensemble average PER at the PHY for
multiuser MIMO system with CLD-AS and feedback delay
as

Per=Y" RPer)/X" RPr) (14

where Per, denote the average PER for constellation size
M, and it can be obtained as:

Per, =" (j:Pern (7) 2, (7I?)dy)f(?)dﬁ (15)
where
Per, (y) = { L .if}/ N (16)
a,exp(=g,7), V2V
Substituting (16), (5) and (8) into (15) gives
Per,=I1,+12,-13, (17)

where /1, 12,, I3, are written as (18)-(20) at the bottom of
the paper due to their long expressions. Equation (17) is
a closed-form expression of the average PER for multiuser
MIMO with CLD-AS and MOE under imperfect CSI. With
(17), the average PLR at the data link layer with the

maximum number of retransmissions N ™ i

max

Plr = Per™” +1 21

Thus, the average number of transmissions per packet can
be calculated as:

NelaPeort.+ P —(=Pa" +1y/ (1= Per).22)

Using (22) and (14) as well as (13), the overall average SE
of multiuser MIMO system with CLD-AS and multiple
estimates under imperfect CSI can be obtained as:

Se=Sepy [N . (23)

When NI™ is set to be zero, then N =1, and (23) is
reduced to h ~, which corresponds to the average SE at

the physical layer only.



RADIOENGINEERING, VOL. 23, NO. 3, SEPTEMBER 2014

867

5. Variable Thresholds for CLD with
Multiple Estimates

Considering that the switching thresholds in (11) can
not adapt to the change of delayed feedback information,
the performance loss will happen when feedback has delay.
For this, we will present a variable threshold method for
imperfect feedback by employing the Bayes’ theorem [14]
and MAP criterion [14], [5]. With the variable thresholds,
the system performance will be effectively improved, and
outperforms that with fixed thresholds (11).

In what follows, we employ the estimated

instantaneous PER, perﬂ, to calculate VTs. Pern can be
obtained by maximizing the conditional PDF of
Pre 7 (Per, | 7) = Pp,, ;(Per,,7)/ py(7) - From the func-
tional relationship between Per, and y in (16), using the
analysis method in [14], the joint PDF of Per, and y is

derived as,

Jos (Pe’nfl’f)

N oy
Ppe, 7 (Pern,ﬂf) = W

n

L-1 L _1 ” m(ng—1) La)c megz};c
g

c=0 gnany (1_p)r(nR)

[ 7 J2 [ (m—mp+1)7? &2 J
X| — CXp - — — —
g.,p (1-p)7 g,(1-p)y

L1011 m(g=) T o Dgnk—l.seﬁ'(a)
~ Z( J(_ 1)'” z c,m

= 2a,7bJg,07

(24)

where

b, =[g,0-p)71", & =\/In(a, / Per,) ,
B(g)=(1-b,)&* +2¢b,4/p7g, »and
(1/7)/1R+c+1 Ac

b= g, (1- ,D)F(ZR) [gfpjwwz expt%}

According to (24), by omitting the terms not related
to ¢, the MAP function can be defined as

Ly =" 70" (25)
By solving the equation M = ajﬂ . a_g =0,

OPer,  0s OPer,

we can obtain the approximated expression of the
estimated PER as

Per, ~a, expl-n’pg,7/(n, - g,(1- p)}) (26)

Let Pern =P , then with (26) we can achieve the
VTs dependent on the feedback delay as

Vi Zln(j{j.(l—g"(;;p)jz/(pgn). Q7

By submitting the obtained VTs into (14) and (23) in
Section 4, we can calculate the average PER and SE, and
obtain the corresponding closed-form expressions of multi-
user MIMO system with CLD-AS and MOE under imper-
fect CSI. Unlike the FTs in (11), the VTs in (27) consider
the effect of delayed feedback. Thus, with (27), the impact
of feedback delay may be reduced, and reliable PER per-
formance will be realized. When the feedback is perfect
(i.e. p=1), (27) is reduced to (11), and thus the derived
VTs include the FTs as special cases.

6. Numerical Results and Analysis

In this section, we will use the derived formulae to
assess the performance of average PER and SE of multi-
user MIMO system with CLD and multiple outdated esti-
mates over Rayleigh fading channel. The channel is
assumed to be flat fading. The Gray code is employed to
map the data bits to MQAM constellations, and 10° Monte-
Carlo simulations are employed for the performance
evaluation. The set of MQAM constellations is
{M}n=01... 7710, 2, 4, 8,16, 32, 64, 128}. The target packet
loss rate at the data link layer, P, = 10'3, and the maxi-
mum number of ARQ retransmissions N> = 2. Thus, the
target PER, P,, is equal to 0.1. In the simulation results
below, xTyRzU denotes the multiuser MIMO system with x
transmit antennas and y receive antennas and z users.
Unless other mentioned, when the impact of feedback
delay on the performance is evaluated, the average SNR,

¥, is set to 20 dB.

Fig. 1 shows the average SE versus the normalized
time delay (f;7) for 2T2R3U system with CLD under im-
perfect CSI, where MOE and SOE are used for comparison.

6.5 4

551

—— 1 estimate (theory)

—e— 2 estimates(theory)

—6— 3 estimates(theory)
* 1 estimate (simu.)

2 estimates(simu.)

O 3 estimates(simu.)

4.5

Average SE(bit/s/Hz)
(9]

3.5

3 L
10? 10

fdr

Fig. 1. Average SE for 2T2R3U system with multiple

outdated estimates.
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The theoretical average SE is calculated by using (23) with
the switching thresholds defined in (11). It is observed that
the theoretical SE is in good agreement with the simulation
result, and thus the derived theoretical expression (23) is
valid. It is shown that multiple outdated estimates method
can obviously reduce the effect of the time delay. This is
because the former makes fully use of multiple outdated
channel information to decrease the uncertainty of feed-
back information. As a result, the system with MOE can
obtain much higher SE than that with the conventional
SOE, especially for large time delay.

In Fig. 2, we give the average PER versus f;7 for
2T2R3U system with CLD under imperfect CSI, where
MOE and SOE are used for comparison. The theoretical
average PER is calculated by using (17) with the switching
thresholds defined in (11). From this figure, we can see
that multiple outdated estimates method enables the system
to tolerate larger delay. It is shown that the CLD with MOE
method can tolerate the normalized time delay up to about
0.01 with a slight degradation in the average PER. But
when f;7 increases beyond 0.01, the PER performance will
degrade increasingly. The CLD with single estimate fails to
meet the target PER (Py=0.1) at f;7 = 0.062, the CLD with
two estimates fails at f;7=0.12, while the CLD with three
estimates fails at f; 7=0.21, which means that three-esti-
mate method can tolerate larger delay than the former two
due to relatively more feedback information. Besides, the
theoretical average PER agrees with the simulation for
different time delays, and thus the derived average PER
expressions of CLD with imperfect feedback are also valid.

10° ‘
—— 1 estimate (theory)
—— 2 estimates (theory)
—e— 3 estimates (theory)
* 1 estimate (simulation)

* 2 estimates (simulation)
O 3 estimates (simulation)

Fig. 2. Average PER for 2T2R3U system with multiple
outdated estimates.

In Fig. 3, we plot the average SE versus average SNR
y for multiuser MIMO system with CLD and MOE under

imperfect CSI, where 2T1R1U and 2T1R3U systems are
considered for comparison, and f;7 = 0.1. The average SE
is calculated by using (23) with the switching thresholds
defined in (11). It is shown that CLD is able to increase SE
with SNR, and multiuser 2TIR3U system can obtain
higher SE than the corresponding single user 2T1R1U
system due to the available multiuser diversity. From this
figure, we can see that the systems with MOE have higher
SE than those with the conventional SOE due to the reason

analyzed in Fig. 1. The system SE with 3 estimates is
higher than that with 2 estimates, and the system SE with 2
estimates is higher than that with 1 estimate. Moreover,
with the outdated channel information increase, the ob-
tained SE increment will decrease. This is because the
added outdated channel information is too old to provide
more reliable channel information for the system.

7H —<— 1 estimate,2T1R1U
—8— 1 estimate,2T1R3U
| —— 2 estimates,2T1R1U
—6— 2 estimates,2T1R3U
|| —k— 3 estimates,2T1R1U
—<o— 3 estimates,2T1R3U

o

3]

IS

©w

Average SE(bit/s/Hz)

N

5 10 15 20 25 30
SNR(dB)

Fig. 3. Average SE for multiuser MIMO system with multiple
outdated estimates.

In Fig. 4, we give the average PER versus average
SNR 7 for multiuser MIMO system with CLD and MOE

under imperfect CSI, the system configurations are the
same as Fig. 3, and f; 7=0.1. The average PER is calcu-
lated by using (17) with the switching thresholds defined in
(11). Some results similar to Fig. 3 can be found. Namely,
multiuser 2T1R3U system has lower PER than the single
user 2T1R1U system, and the systems with MOE have
lower PER than those with the conventional SOE. More-
over, from Figs. 1-4, it is found that two outdated estimates
can obtain obvious performance superiority over single
outdated estimate, and has less complexity than other
multiple outdated estimates (more than two). Thus, it
provides a tradeoff between the performance and complex-
ity. Based on this, in the following figures, we use it for the
performance evaluation and comparison.

—»— 1 estimate,2T1R1U
—8— 1 estimate,2T1R3U
—— 2 estimates,2T1R1U
107F| —e—2 estimates,2T1R3U E
—— 3 estimates,2T1R1U
—6— 3 estimates,2T1R3U

5 10 15

PER

I I
25 30

20
SNR(dB)

Fig. 4. Average PER for multiuser MIMO system with
multiple outdated estimates.
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Considering the influence of imperfect CSI on the
switching thresholds, we use the VTs instead of conven-
tional FTs to improve the system performance further.
Fig. 5 and Fig. 6 show the average SE and PER of 3T1R2U
with CLD under imperfect feedback, where FTs and VTs
are used for the performance evaluation. In Fig. 5, we plot
the average SE vs. the normalized time delay (f;7), the
average SE is calculated by using (23) with VTs defined in
(27). 1t is found that the SE with VTs is higher than that
with FTs, especially for large time delay, the SE increment
is obvious. This is because the application of VTs can
lower the system PER (as shown Fig. 6), which will bring
about the decrease of the average number of transmissions
N according to (22). As a result, the increase of overall
average SE is obtained. Moreover, the derived theoretical
SE and the corresponding simulation are very close for
both VTs and FTs. Besides, the SE with two estimates is
obviously higher than that with conventional single esti-
mate as expected.

6

——FT,1 estimat (theory)
—+—FT,2 estimates(theory)
—6—VT,2 estimates(theory)
——VT,1 estimate (theory)

< FT,1 estimat (simulation)

* VT,1 estimate(simulation)
|+ FT,2 estimates(simulation)
VT,2 estimates(simulation)
0 L

2
10 th

Average SE(bit/s/Hz)
w

Fig. 5. Average SE for multiuser MIMO system with FTs and
VTs for different estimates.

10 T
——FT,1 estimate (theory)

* FT,1 estimate (simulation)
——FT,2 estimates (theory)

+ FT,2 estimates (simulation)
—6—VT,2 estimate (theory)

O VT,2 estimate (simulation)
|| —— VT,1 estimate (theory)
|« VT,1 estimate (simulation)
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and VTs for different estimates.

In Fig. 6, we plot the average PER vs. the normalized
time delay (f;7) for 3T1R2U with CLD, where VTs are

from (27). It is found that the PER with VTs is lower than
that with FTs, especially for large time delay, the perform-
ance superiority becomes obvious. Moreover, the derived
theoretical PER can match the corresponding simulation
well for both VTs and FTs, which testifies that the derived
theoretical expression is valid for PER performance
evaluation. Besides, the average PER with two estimates is
obviously lower than that with single estimate, which
indicates the two outdated estimates is a practical method
in view of performance and complexity.

7. Conclusions

Based on multiple outdated channel information, we
have studied multiuser MIMO system with CLD-AS in
Rayleigh fading channel. By the performance analysis, the
average PER and SE of the system subject to target PLR
have been derived. As a result, closed-form expressions of
average PER and SE are achieved. They include the exist-
ing PER and SE expressions employing one outdated esti-
mate as special cases, and can match the corresponding
simulations very well. Thus, with these expressions, CLD
performance in multiuser MIMO system can be effectively
assessed, and the impact of delayed CSI on the system
performance can be analyzed well. Moreover, multiple
estimates method can bring about the obvious performance
improvement of the system when compared to conven-
tional single estimate method. By means of the maximum
a posteriori method and approximate PER expression, we
have derived the variable switching thresholds as well.
These VTs include the conventional FTs as special cases,
can adapt to the delayed feedback information, and reduce
the effect of feedback delay. Simulation results show the
presented CLD with MOE can obtain better SE and PER
performance than the existing CLD with SOE because
multiple outdated channel information is fully utilized. It is
shown that two outdated estimates can implement effective
tradeoff between the performance and complexity. Further-
more, the proposed variable thresholds method can also
improve the system performance effectively, and it per-
forms better than conventional fixed thresholds method,
especially for large time delay.

In this paper, we mainly address the performance
study of multiuser CLD with AS under homogeneous case.
In practice, however, the statistics of the SNRs of users
may not be identical since individual users may locate at
different distances from the BS. So the users may have
different path loss and average SNRs, which is referred to
as heterogeneous case. For this reason, in the future work,
we will further study the performance of the multiuser
CLD system under heterogeneous case where both path
loss and small-scale fading (Rayleigh fading) are consid-
ered. It is expected that some practical results can be
achieved.
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