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The Value of Channel Prediction in
CoMP Systems with Large Backhaul Latency

Liyan Su, Chenyang Yang, and Shengqian Han

Abstract—The potential of coordinated multi-point (CoMP)
transmission in providing high spectral efficiency for cellular
systems largely depends on the channel quality at the cooperated
base stations. In this paper, we investigate whether channel
prediction is useful for downlink CoMP systems with backhaul
latency in time-varying channels, where both the centralized
and decentralized CoMP joint processing (CoMP-JP) as well as
the CoMP coordinated beamforming (CoMP-CB) are considered.
Toward this goal, we resort to large system analysis with large
number of transmit antennas to derive closed form expressions of
the average per-user rate of the CoMP systems, when predicted
or estimated channels are employed for downlink precoding.
By comparing with Non-CoMP systems, we find that channel
prediction provides much higher performance gain over channel
estimation for CoMP systems, depending on the strategy of the
cooperation and the user location. As a result, CoMP systems
can perform fairly well for mobile users even under the large
backhaul latency, if channel prediction will be used instead of
channel estimation. Simulation results are provided to validate
our analysis.

Index Terms—Coordinated multi-point transmission, channel
prediction, backhaul latency.

I. INTRODUCTION

INTER-CELL interference (ICI) is a major bottleneck to
improve spectral efficiency of cellular networks, especially

when multi-input multi-output (MIMO) techniques are ap-
plied. Recently, coordinated multi-point (CoMP) transmission
in the context of 3GPP long term evolution (LTE) [1], also
known as network MIMO in literature [2], has attracted much
attention [3].

Depending on the type of information shared among the
coordinated base stations (BSs), CoMP systems can be roughly
divided into CoMP joint processing (CoMP-JP) and CoMP
coordinated beamforming (CoMP-CB). When both data and
channel state information (CSI) are shared among the BSs,
CoMP-JP1 can exploit the abundant spatial resources provided
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1In Release 11 of 3GPP-LTE [1], CoMP-JP is further divided into CoMP

joint transmission (CoMP-JT) and dynamic point selection/dynamic point
blanking (DPS/DPB). Only one BS transmits data to each user with DPS/DPB.
Using CoMP-JT, multiple BSs transmit to a user with coherent cooperation,
which is exactly the CoMP-JP referred in this paper or network MIMO in
[2].

by multiple BSs with joint multi-user MIMO (MU-MIMO)
precoding [2], where the ICI is converted into useful signals.
When only the CSI of mobile stations (MSs) are shared,
CoMP-CB avoids ICI with individual MU-MIMO precoding
at each BS [4]. The potential of both cooperative strategies
largely relies on the channel quality obtained at the BSs.

A typical centralized CoMP system consists of a central unit
(CU) that is connected with multiple BSs via backhaul links.
Under such a framework, the CSI is first obtained by each
BS either by uplink training in time division duplex (TDD)
systems [5] or by feedback in frequency division duplex
(FDD) systems [6]. Then the CU collects the CSI from all
coordinated BSs through backhaul links. With all the CSI,
the centralized cooperative systems enable either CoMP-JP
or CoMP-CB transmission depending on whether or not the
data intended to all active MSs are available at the CU. When
the backhaul links are with low latency and high capacity,
CoMP-JP outperforms CoMP-CB, and both are superior to
Non-CoMP systems. CoMP system can also operate in a
decentralized manner, where each BS serves as a CU and
the BSs are connected via backhaul. Again, the CSI is first
obtained at each BS and then shared among the BSs.

In currently deployed cellular systems and emerging wire-
less standards, the backhaul links are with limited capacity.
Moreover, they are with large latency, called X2 interface
latency in 3GPP-LTE, which may reach 10 ms or more
[7, 8]. Such a large latency will cause severely outdated CSI,
which leads to performance deterioration even though the MSs
served by CoMP are expected to move in a low speed [1, 8].
Despite that upgrading the backhaul links in existing networks
has no technical challenges, this however will increase the
infrastructure costs considerably.

In time-varying wireless channels, channel prediction is a
popular approach to provide up-to-date channel information,
which has been well explored for traditional single cell
systems [9–11]. Considering that the small scale channels
between multiple BSs and each MS are uncorrelated, existing
channel prediction methods can be extended to CoMP systems
in a straightforward manner. However, this does not mean
that the performance gain of a CoMP system from channel
prediction will be the same as that of a Non-CoMP system.
On one hand, the performance of channel prediction and its
impact on the performance of a system depend on the channel
statistics [5]. Because the BSs are not co-located, the channel
of CoMP-JP is different from single cell systems. Specifically,
the average channel gains from different BSs to each MS
differ, and the statistics of the CoMP channel are different
from single cell systems, which depends on the location of
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the MS. On the other hand, there are two factors that cause
the outdated CSI in CoMP systems: the delay between uplink
training and downlink transmission and the backhaul latency.
The first factor is the same as in single cell systems, whose
impact only depends on the relationship of the delay and
the coherence time of the channel, which is well-understood
[9,12]. The second factor is unique in CoMP systems, whose
impact remains unclear. Considering both factors, the overall
delay in CSI for CoMP precoders may exceed the coherence
time. At the first sight, one may concern from intuition that
channel prediction will be no longer useful for CoMP under
time-varying channels.

In this paper, we will show that with channel prediction
downlink CoMP systems can perform surprisingly well for
mobile users even under the large backhaul latency. To this
end, we first derive closed form expressions of the average
per-user data rate of CoMP-JP (both centralized and decentral-
ized), CoMP-CB and Non-CoMP systems with large system
analysis, where the number of transmit antennas approaches
infinity. Large system analysis has been widely used to analyze
the performance of single and multi-cell systems, see [13–15]
and references therein. In [13,14], the performance of CoMP
system was analyzed where channel estimation errors are taken
into account for large numbers of transmit antennas and users.
The major difference of this work with [13, 14] comes from
the goal of the analysis. Since we aim at demonstrating the
gain from channel prediction for CoMP with large backhaul
latency, we derive the explicit expressions of average rate of
typical CoMP strategies with outdated CSI for large number of
antennas. Next, we analyze the rate gain of channel prediction
over channel estimation of the CoMP and Non-CoMP systems.
From the analytical results we can find that CoMP systems
can benefit more from channel prediction than Non-CoMP
systems. This is just because the outdated CSI is more
detrimental to the CoMP transmission.

The rest of the paper is organized as follows. In Section
II, we present the system model. In Section III, we analyze
the performance gain of using channel prediction by deriving
the average per-user rate of downlink CoMP-JP, CoMP-CB
and Non-CoMP systems. Simulation and numerical results are
provided in Section IV, followed by conclusions in Section V.

II. SYSTEM MODEL

Consider downlink CoMP systems, where B BSs each
equipped with Nt antennas cooperatively serve M single-
antenna MSs. For centralized CoMP, a CU is connected to the
coordinated BSs via backhaul links. For decentralized CoMP,
there is no CU and the BSs are connected by the backhaul.
Denote the backhaul latency and the delay between the uplink
channel estimate at each BS and downlink transmission as T
and τ , respectively.

We consider both centralized and decentralized CoMP-JP
systems, where the BSs serve the MSs with joint precoding.
We consider centralized CoMP-CB, where the CU selects
multiple MSs for each BS and each BS serves the MSs with
individual precoding.

We investigate the impact of the outdated CSI caused by
both T and τ on CoMP precoding. We take TDD systems as an

example, and the conclusion is also valid for FDD systems. To
facilitate downlink transmission, each MS in the cooperating
cluster first sends training signals to all BSs in the uplink
frame. Then each BS estimates the downlink channels from
itself to all MSs exploiting channel reciprocity.

A. Uplink Training

Denote gmb(t) =
√
αmbhmb(t) as the channel vector

between BSb and MSm, where αmb is the large scale fading
gain including path loss and shadowing, hmb(t) ∈ CNt×1

is the time-varying small scale fading channel vector whose
entries are assumed independent and identically distributed
(i.i.d.) with unit variance. When the received signal strength at
MSm from BSb is stronger than those from other BSs, gmb(t)
is called local channel of MSm. Otherwise, gmb(t) is called
cross channel of MSm, whose master BS is not BSb.

To show the potential of using channel prediction to deal
with the outdated CSI in CoMP systems, we consider optimal
linear channel predictor, Wiener predictor [16]. Therefore,
we assume that a priori information of the channel statistics
including temporal correlation function and uplink signal-to-
noise-ratio (SNR) is known, as is commonly assumed for
channel prediction, e.g., as in [9–11]. In practice, the downlink
channels can be predicted at each BS in TDD systems and at
each MS (or each BS) in FDD systems, after the channel
statistics are obtained from multiple received signals.2 An
example of the channel prediction method can be found in
[11].

In order to show the gain from channel prediction, we
compare the results with those using optimal linear channel
estimator under the same criterion. To assist optimal channel
prediction or channel estimation, the uplink training signals
from multiple MSs are assumed orthogonal. Since the channels
between different BSs and MSs are uncorrelated, we only need
to consider the channel acquisition for a single link, gmb(t).

When each BS employs the received training symbols (i.e.,
the delayed measurements) to estimate the uplink channel
(where only the measurement noises can be reduced) and then
simply regards it as the downlink channel, we refer to the
method of CSI acquisition as channel estimation.

When each BS employs the same received training symbols
to extrapolate the downlink channel by exploiting the temporal
correlation of the channel [9,11], both the measurement noises
and the delay for the CSI can be reduced. We refer to this
method of CSI acquisition as channel prediction.

With minimum mean square error (MMSE) channel esti-
mator, the estimation error vector follows complex Gaussian
distribution with covariance εCE

mb · I, where εCE
mb is the mean

square error (MSE) of the estimate. Intuitively, the MSEs of
the estimated cross channel vectors should exceed that of the
estimated local channel vector. However, this is true only for
small scale fading channel vectors hmb(t) [5]. To be consistent
with the understanding for channel estimation obtained from

2The channel is predictable with known channel statistics when the channel
is a stationary random process (at least in the duration of channel prediction)
and the prediction horizon is less than the coherence time of the channel.
This happens when the users move in a low varying scattering environment
with lower speed with respect to the duration of a uplink training frame and
downlink transmission frame.



SU et al.: THE VALUE OF CHANNEL PREDICTION IN COMP SYSTEMS WITH LARGE BACKHAUL LATENCY 4579

single cell systems, we use normalized mean square error
(NMSE) to measure the estimation performance for gmb(t),
which is ε̄CE

mb = εCE
mb /αmb. Similarly, the performance of the

MMSE channel predictor for gmb(t) is measured by

ε̄CP
mb = εCP

mb /αmb, (1)

where εCP
mb is the MSE of the predicted channel vector.3

Although channel estimation and channel prediction have
the same expression of MSE, their performance differs, de-
pending on the channel variation. If the channels are static,
channel prediction and channel estimation will provide same
quality for CSI [16]. For time-varying channels, however,
channel prediction will provide the CSI with less errors when
the temporal correlation of the channel can be exploited [12],
because channel estimation does not employ this channel
statistic.

B. Downlink transmission

1) CoMP-JP: We consider zero forcing (ZF) precoding at
the CU, which is of low complexity. ZF precoding consists
of ZF beamforming (ZFBF) and power allocation. Under sum
power constraints, it has been proved that a channel pseudo-
inverse based ZFBF together with an optimal power allocation
that maximizes the sum rate of multiple users is the optimal
ZF precoding [19]. Under per-BS power constraint (PBPC)
in CoMP-JP systems [2], such a ZFBF in conjunction with
the optimal power allocation that maximizes the sum rate has
minor performance loss from the optimal ZF precoding when
there are many users in each cell [20]. Therefore, we consider
the pseudo-inverse based ZFBF.

◦ Precoder for Centralized CoMP-JP
For centralized CoMP-JP, all coordinated BSs forward the

estimated/predicted channels to the CU via backhaul links. The
CU constructs the estimated/predicted global channel vector
of MSm as ĝm = [ĝH

m1 · · · ĝH
mB]

H .4 The estimated/predicted
global channel vectors of all the MSs can be expressed as
ĜJP = [ĝ1 · · · ĝM ]H . Then, the CU selects multiple MSs
and computes the precoders for the MSs, and forwards the
precoding vectors to all BSs for downlink transmission. It is
not hard to see that a delay of 2T+τ will exist in the precoders
at the BSs with respect to the realistic channels in downlink
transmission if channel estimation is used, as shown in Fig. 1
(a). The joint ZF precoder for MSm in centralized CoMP-JP
systems is

wJP
c,m =

√
pJPm Q̂c,mĝm

‖Q̂c,mĝm‖ , (2)

where Q̂c,m = I − ḠH
c,m(Ḡc,mḠH

c,m)−1Ḡc,m, Ḡc,m =

[ĝ1 · · · ĝm−1ĝm+1 · · · ĝM ]H , i.e., Q̂c,m is the null space

3Except for the additive errors we considered, there also exist multiplicative
errors in the acquired CSI, which for example come from the randomness
of analog circuitry, imperfect channel reciprocity in TDD [17] or phase
ambiguity in FDD CoMP-JP systems [18]. These multiplicative errors are
more detrimental to the performance of CoMP-JP than the additive errors,
and are not predictable. Fortunately, the adverse impact of these multiplicative
errors can be significantly reduced by a stable analog circuitry design, antenna
calibration or phase ambiguity feedback [17, 18], which are important for
channel prediction to be useful.

4For notational simplicity, we omit the time variable of the time-varying
channels in the sequel.

(a) Centralized CoMP-JP

(b) Decentralized CoMP-JP

(c) CoMP-CB

Fig. 1: An example of CoMP systems, where the channel estimation
method is applied. The backhaul links are with latency T , and the
delay between the estimated channel at each BS and the realistic
channel during downlink transmission is τ .
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spanned by the global channel vectors of all the MSs except
MSm, and pJPm is the power allocated to MSm.

◦ Precoder for Decentralized CoMP-JP

For decentralized CoMP-JP, each BS forwards its esti-
mated/predicted channels to other BSs via backhaul links.
With the estimated/predicted channels and the forwarded chan-
nels from other BS, each BS constructs the global channel ma-
trix ĜJP , selects multiple users, and computes the precoding
for downlink transmission. A delay of τ exists between the
estimated channels and the realistic channels during downlink
transmission, and a latency of T + τ exists between the
forwarded channels and the realistic channels, as shown in
Fig. 1 (b).

For BSb, its constructed global channel vector for MSm

is ĝ
(b)
m = [ĝ

(b)H
m1 · · · ĝ(b)H

mB ]H , and its constructed global
channel matrix for all the MSs can be expressed as Ĝ

(b)
JP =

[ĝ
(b)
1 · · · ĝ(b)

M ]H . Note that a part of the global channel vectors
ĝ
(b)
1b · · · ĝ(b)

Mb is obtained at BSb by channel estimation or
prediction without backhaul latency, and the rest of channel
vectors ĝ

(b)
1j · · · ĝ(b)

Mj , j �= b are forwarded from other BSs
with latency T . As a result, multiple BSs will use different
channel matrices Ĝ

(b)
JP , b = 1, · · · , B to compute their joint

precoders. With these global channel matrices, each BS, say
BSb, can simply compute the overall ZF precoding matrix at
the B BSs for the M MSs as the pseudo-inverse of Ĝ

(b)
JP .

Denote w
(b)
1j , · · · ,w(b)

Mj as the sub-vectors computed at BSb

that will be used at BSj for the transmission to the M
MSs, j = 1, · · · , B, j �= b. Owing to the backhaul latency,
w

(b)
mj �= w

(a)
mj when b �= a. That is to say, the joint precoders

from different BSs to each MS are not the same, which comes
from the different “view” on the channels at different BSs.

In fact, each BS only needs to compute its own sub-vectors
for the M MSs, since other sub-vectors in the joint precoding
vectors will be used at other BSs for transmission. Then, the
joint precoding vector for MSm is an aggregation of multiple
sub-vectors computed at the B coordinated BSs, which is

wJP
d,m = [w

(1)H
m1 · · ·w(B)H

mB ]H . (3)

Such a precoder will lead to multi-user interference (MUI),
and the performance will be degraded even when the backhaul
latency is not large.

To deal with this problem, we consider that each BS,
say BSb, only employs the channels from the M MSs to
itself to compute the ZF precoder, instead of using Ĝ

(b)
JP .

This is equivalent to the scenario where the backhaul latency
approaches infinity. Then, the sub-vector of BSb in the joint
precoder for MSm can be derived as follows

w
(b)
mb =

√
p
(b)
m Q̂mbĝ

(b)
mb

‖Q̂mbĝ
(b)
mb‖

, (4)

where Q̂mb = I − ḠH
mb(ḠmbḠ

H
mb)

−1Ḡmb, Ḡmb =

[ĝ1b · · · ĝm−1,bĝm+1,b · · · ĝMb]
H , and p

(b)
m is the transmit

power allocated from BSb to MSm.
In this way, the decentralized joint ZF precoder only uses

the locally estimated/predicted channel vectors, where the

estimated channels have a delay of τ with respect to the
realistic channels in the downlink transmission.

◦ Received Signal
With the joint ZF precoder, the received signal of MSm is

ym = gH
mwJP

m xm +
∑
j �=m

gH
mwJP

j xj + zm, (5)

where the second term is the MUI from the co-scheduled users
for MSm caused by the imperfect CSI, and zm is additive
white Gaussian noise (AWGN) with zero mean and variance
σ2. For centralized CoMP-JP, wJP

m = wJP
c,m. For decentralized

CoMP-JP, wJP
m = wJP

d,m with w
(b)
mb defined in (4).

2) CoMP-CB: In CoMP-CB systems, the CU selects mul-
tiple MSs based on the collected channels from all the BSs.
Then, each BS computes the ZF precoder with the channels
from itself to all the active MSs to avoid the ICI. The
individual ZF precoder for MSm at its serving BS, BSbm ,
is given by

wCB
m =

√
pCB
m Q̂mbm ĝmbm

‖Q̂mbm ĝmbm‖ . (6)

The received signal at MSm is

ym = gH
mbmwCB

m xm +
∑
j �=m

gH
mbjw

CB
j xj + zm, (7)

where BSbj is the serving BS of MSj , and the second term is
the MUI for MSm caused by the imperfect CSI.

Comparing (6) with (4), we can see that wCB
m is almost the

same as w
(b)
mb except for the allocated power, which however

differentiates CoMP-CB from the decentralized CoMP-JP. In
CoMP-CB, the data of the MSs are not shared among BSs,
each BS only serves its local MSs, and generates nulls (i.e.,
transmits with zero powers) to the MSs in other cells. In
decentralized CoMP-JP, by contrast, the data of all the MSs
are shared among BSs but the CSI is actually unnecessary
for sharing, and each BS serves all the MSs with the joint
precoder shown in (3) with sub-vectors in (4).

3) Non-CoMP: In Non-CoMP systems, each BS serves the
MSs in its own cell based on the local channels of these MSs.
To avoid the MUI for the MSs in the same cell, each BS
employs ZF precoding independently. The ZF precoder for
MSm at its serving BS, BSbm , is

wNC
m =

√
pNC
m Q̂NC

m ĝmbm

‖Q̂NC
m ĝmbm‖ , (8)

where Q̂NC
m = I − ḠH

NC(ḠNCḠ
H
NC)

−1ḠNC , ḠNC =
[ĝS1b · · · ĝSsb]

H , Si ∈ Sbm , i = 1 · · · s, i.e., Q̂NC
m is the null

space of the channels from BSb to all the MSs in Sbm , and
Sbm is the set of the users located in cell bm except MSm.

The received signal at MSm is

ym = gH
mbmwNC

m xm +
∑

j∈Sbm

gH
mbmwNC

j xj

+
∑

k/∈Sbm ,k �=m

gH
mbk

wNC
k xk + zm, (9)

where in the right hand side the second term is the MUI for
MSm, and the third term is the ICI generated by BSbk when
it transmits to MSk, k /∈ Sbm and k �= m.
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III. DOWNLINK TRANSMISSION PERFORMANCE ANALYSIS

In this section, we derive the average per-user data rates of
CoMP-JP, CoMP-CB and Non-CoMP systems, respectively.
From which we can show the different rate gain of channel
prediction over channel estimation for CoMP and Non-CoMP.

A. Average Per-user Rate of CoMP-JP Systems

From the receive signal model in (5), the average rate of
MSm achieved by the joint ZF precoding of CoMP-JP is

R̄JP
m = E{log2(1 +

|gH
mwJP

m |2
σ2 +

∑
j �=m |gH

mwJP
j |2 )}. (10)

In order to find an explicit expressions of the average
per-user rate with respect to the NMSE of the channel pre-
diction/estimation, we resort to large system analysis where
the number of transmit antennas at each BS approaches
infinity. We begin with deriving the power of the signal and
interference.

◦ Signal/MUI Power of Centralized CoMP-JP
For the centralized CoMP-JP systems, the powers of the

desired signal and MUI are shown as follows.
Prop. 1: When Nt → ∞, the random variable

|gH
mwJP

c,m|2/Nt converges to a deterministic variable,
i.e.,

lim
Nt→∞

|gH
mwJP

c,m|2
Nt

= pJPm

B∑
b=1

αmb(1− ε̄mb). (11)

Proof: See Appendix A.
It indicates that the signal power increases linearly with the

number of antennas.
Prop. 2: When Nt → ∞, the power of the interference

caused by MSj to MSm, |gH
mwJP

c,j |2, has exponential dis-
tribution with parameter 1/λJP

c,mj, whose probability density
function (PDF) is

fJP
mj (x) =

1

λJP
c,mj

exp(− x

λJP
c,mj

), x ≥ 0, (12)

where

λJP
c,mj = pJPj

B∑
b=1

αmbε̄mbβ
c
jb (13)

is the average MUI power induced by MSj to the desired user,
MSm, and

βc
jb =

αjb(1− ε̄jb)∑B
l=1 αjl(1− ε̄jl)

(14)

depends on the location of MSj . Moreover, the MUI respec-
tively caused by MSj and MSk, gH

mwJP
c,j and gH

mwJP
c,k , are

mutually independent.
Proof: See Appendix B.

◦ Signal/MUI Power of Decentralized CoMP-JP
For the decentralized CoMP-JP systems, we can also prove

two propositions.
Prop. 3: When Nt → ∞, the random variable

|gH
mwJP

d,m|2/Nt converges to a deterministic variable,
i.e.,

lim
Nt→∞

|gH
mwJP

d,m|2
Nt

=
( B∑
b=1

√
p
(b)
m αmb(1− ε̄

(b)
mb)

)2
, (15)

where ε̄
(b)
mb is the NMSE of ĝmb at BSb.

Proof: See Appendix C.
Prop. 4: When Nt → ∞, the power of the interference

caused by MSj to MSm, |gH
mwJP

d,j |2, has exponential distri-
bution with parameter 1/λJP

d,mj, whose PDF is (12) and

λJP
d,mj =

B∑
b=1

p
(b)
j αmbε̄

(b)
mb. (16)

Proof: See Appendix D.
From (15) and (16), we can see that the signal and MUI

powers in the decentralized CoMP-JP system depend on the
allocated powers from multiple BSs to each MS, p

(b)
m , b =

1, · · · ,M . In the following, we show that the decentralized
CoMP-JP will achieve the same performance as the centralized
CoMP-JP if the power allocation is optimized as follows with
the same total transmit power to each MS.

Consider a “selfish” power allocation problem that max-
imizes the signal power of MSm under the total power
constraint for the MS without considering the interference to
the other MSs, which is

max
p
(b)
m

( B∑
b=1

√
p
(b)
m ·

√
αmb(1− ε̄

(b)
mb)

)2
(17a)

s.t.

B∑
b=1

p(b)m = pJPm . (17b)

From Cauchy-Schwarz inequality, the optimal solution of the
problem is5

p(b)m =
pJPm∑B

j=1 αmj(1− ε̄
(j)
mj)

· αmb(1− ε̄
(b)
mb). (18)

Substituting (18) into (15) and (16), we obtain

lim
Nt→∞

|gH
mwJP

d,m|2
Nt

=
( B∑
b=1

√√√√ pJPm · αmb(1− ε̄
(b)
mb)∑B

j=1 αmj(1− ε̄
(j)
mj)

αmb(1− ε̄
(b)
mb)

)2

= pJPm

B∑
b=1

αmb(1− ε̄
(b)
mb)

and

λJP
d,mj = pJPj

B∑
b=1

αmbε̄mbβ
d
jb,

where βd
jb =

αjb(1−ε̄
(b)
jb )

∑B
l=1 αjl(1−ε̄

(l)
jl

)
.

Now the signal and MUI powers in the decentralized CoMP-
JP system have the same expressions as the centralized system.
This is valid when the number of antennas goes to infinity, the
number of MSs is fixed, and the optimal power allocation in
(18) is applied. Consequently, we do not distinguish the cen-
tralized and decentralized CoMP-JP in the following analysis.

5It is worth to note that such an optimal power allocation is hard to be
implemented in practice, because each BS, say BSb, has to know the NMSE
of the estimated/predicted channels in other BSs, ε̄(j)mj . The reason to present
the optimal power allocation is to help understand the decentralized CoMP-JP,
and to unify the analysis for centralized and decentralized CoMP-JP systems.
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◦ Asymptotic Average Per-user Rate of CoMP-JP

We can see that the signal power grows linearly with the
number of antennas, but the interference power is not. It
implies that when Nt → ∞, the signal to interference plus
noise ratio (SINR) of MSm is much higher than 1, and the
term “1” inside the log function in (10) can be ignored. Then
the asymptotic average achievable data rate of MSm served
by CoMP-JP can be obtained as follows

RJPA
m � lim

Nt→∞
R̄JP

m

= lim
Nt→∞

E{log2(
|gH

mwJP
m |2

σ2 +
∑

j �=m |gH
mwJP

j |2 )}

= lim
Nt→∞

E{log2(|gH
mwJP

m |2}

− lim
Nt→∞

E{log2(σ2 +
∑
j �=m

|gH
mwJP

j |2)}

(a)
= lim

Nt→∞
E{log2(|gH

mwJP
m |2}︸ ︷︷ ︸

SJP
m :contributed by signal

−E{log2(σ2 +
∑
j �=m

λJP
mj ξj)}︸ ︷︷ ︸

IJP
m :contributed by MUI and noise

, (19)

where ξj , j �= m are i.i.d. random vector of exponential
distribution with parameter 1, and the equality (a) is because
|gH

mwJP
j |2 and λJP

mj ξj have the same distribution.
The term IJPm in (19) is an increasing function

of λJP
mj , because its first order derivative dIJP

m

dλJP
mj

=

limNt→∞ E{ ξj
ln 2(σ2+

∑
j �=m λJP

mjξj)
} > 0.

According to the result in [21], we can obtain the cumulative
distribution function (CDF) of

∑
j �=m λJP

mj ξj as

F (x) = 1−
∑
j �=m

γJP
j exp(− x

λJP
mj

), x ≥ 0, (20)

where γJP
j = 1/(

∏
l �=j,m(1−λJP

ml /λ
JP
mj )). Because F (0) = 0,

we have
∑

j �=m γJP
j = 1. With this CDF, the second term of

(19) can be derived as

IJPm = lim
Nt→∞

E{log2(σ2 +
∑
j �=m

|gH
mwJP

j |2)}

=

∫ ∞

0

log2(σ
2 + x)dF (x)

= log2(σ
2 + x)(F (x) − 1)

⏐⏐⏐⏐∞

0

−
∫ ∞

0

F (x) − 1

ln 2(σ2 + x)
dx

= log2 σ
2 +

∑
k �=m

γJP
k

∫ ∞

0

exp(− x
λJP
mk

)

ln 2(σ2 + x)
dx

= log2 σ
2 − 1

ln 2

∑
k �=m

γJP
k exp(

σ2

λJP
mk

)Ei(− σ2

λJP
mk

), (21)

where the last equality is obtained by using the for-
mula

∫∞
0

exp(−μx)
x+β dx = − exp(βμ)Ei(−βμ), Ei(x) =∫ x

−∞
exp(t)

t dt is the exponential integral function, and Ei(x) <
0 when x < 0.

With Prop. 1 and (21), the asymptotic average per-user rate
of the CoMP-JP system shown in (19) becomes

RJPA
m = log2(Ntp

JP
m

B∑
b=1

αmb(1− ε̄mb))︸ ︷︷ ︸
SJP
m :contributed by signal

+
1

ln 2

∑
k �=m

γJP
k exp(

σ2

λJP
mk

)Ei(− σ2

λJP
mk

)− log2 σ
2

︸ ︷︷ ︸
IJP
m :contributed by MUI and noise

.(22)

As will be shown in simulations later, the value of RJPA
m is

close to the value of R̄JP
m even with finite Nt.

◦ Impact of the Imperfect CSI
In (22), SJP

m depends on the average received signal power
and the NMSE of the predicted/estimated global channel of
MSm. The imperfect CSI leads to a rate loss from reducing
the received signal power. IJPm < 0 is the rate loss led by
the MUI and the noise, which is a complicate function of
the interference power caused by the co-scheduled MSs, λJP

mk.
Because IJPm is an increasing function of each value of λJP

mj ,
we analyze the parameter λJP

mj in the following.
From λJP

mj in (13) we know that it depends on both αmb

and βjb, i.e., the MUI of MSm depends on its own location as
well as those of its co-scheduled MSs. In the sequel, we briefly
analyze the impact of the location of MSs on the performance
of MSm.

1) Location of the desired MS: When MSm moves from
cell edge to its master BS, BSbm , the large scale fading gain
of its local channel αmbm will increase, while those of its
cross channels αmb, b �= bm will decrease. Since αmbm 

αmb, b �= bm when MSm is in cell center, we can see from
(22) that the values of SJP

m and IJPm will be dominated by the
NMSE of the local channel prediction/estimation The NMSE
of channel prediction ε̄mbm = ε̄CP

mbm
and the NMSE of channel

estimation ε̄mbm = ε̄CE
mbm

. In other words, given the location
of the co-scheduled MSs, the reduction of NMSE of local
channel prediction/estimation of the desired MS, ε̄mbm , will
improve the performance more significantly when the MS is
close to the cell center.

2) Location of the co-scheduled MSs: If the desired MSm

is located at the “exact cell edge”, where αm1 = · · · =
αmB = αm, we have ε̄m1 = · · · = ε̄mB = ε̄m. In this
case the interference experienced at MSm does not depend on
the large scale fading gains of its co-scheduled MSs, because∑B

b=1 βkb = 1 and from (13) we have

λJP
mj = pJPj αmε̄m

B∑
b=1

βjb = pJPj αmε̄m. (23)

When MSm is located at any other positions, the value of
λJP
m depends on βkb, i.e., the MUI of the desired MS will

largely depend on the location of its co-scheduled users.
When a co-scheduled user MSj is located close to its master

BS, BSbj , its local channel gain αjbj dominates βjb as shown
in (14), thus βjbj ≈ 1 and βjb ≈ 0, b �= bj . Then from (13)
the power of the interference at MSm generated from the co-
scheduled user MSj is

λcenter
mj = pJPj αmbj ε̄mbj , (24)
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which only depends on the large scale fading gain of the cross
channel between MSm and BSbj .

When MSj is located at the “exact cell edge” where αj1 =
· · · = αjB , then βj1 = · · · = βjB = 1

B . The interference
power at MSm caused from MSj becomes

λedge
mj =

pJPj
B

B∑
b=1

αmbε̄mb, (25)

which depends on the overall average receive channel power
of MSm.

B. Average Per-user Rate of CoMP-CB Systems

From (7), the average rate of MSm achieved by the indi-
vidual ZF precoding of CoMP-CB is

R̄CB
m = E{log2(1 +

|gH
mbm

wCB
m |2

σ2 +
∑

j �=m |gH
mbj

wCB
j |2 )}. (26)

Analogous to the analysis for CoMP-JP systems, we start
by deriving the powers of the desired signal and interference.

Prop. 5: When Nt → ∞, the random variable
|gH

mbm
wCB

m |2/Nt converges to a deterministic variable,
i.e.,

lim
Nt→∞

|gH
mbm

wCB
m |2

Nt
= pCB

m αmbm(1− ε̄mbm). (27)

Prop. 6: When Nt → ∞, the interference power from MSj

to MSm, |gH
mbj

wCB
j |2, has an exponential distribution with

parameter 1/λCB
mj , whose PDF is

fCB
mj (x) =

1

λCB
mj

exp(− x

λCB
mj

), x ≥ 0, (28)

where λCB
mj = pCB

j αmbj ε̄mbj is the average interference
power.

The proofs for these two propositions are similar to those
for Prop.1 and Prop. 2, therefore are omitted for conciseness.

In contrast to λJP
mj in (13), the average interference power

experienced at the desired user MSm from its co-scheduled
user MSj only depends on the NMSE of the cross channel
of MSj , ĝmbj . This is consistent with the intuition, because
BSj only employs ĝmbj for computing its individual precoding
to avoid creating interference to MSm. Moreover, from (24)
we can see that the average MUI caused by MSj in CoMP-
CB systems will equal to that in CoMP-JP systems if MSj is
located at cell center and pCB

j = pJPj .
When the SINR of MSm is much higher than 1, the term

“1” inside the log function in (26) can be ignored. Then, by
substituting (27) into (26), using (28) and after some regular
manipulations as we derive RJPA

m , the asymptotic average
achievable rate of MSm served by CoMP-CB systems can
be derived as follows,

RCBA
m � log2(Ntpmαmbm(1− ε̄mbm))︸ ︷︷ ︸

SCB
m :contributed by signal

+
1

ln 2

∑
k �=m

γCB
k exp(

σ2

λCB
mk

)Ei(− σ2

λCB
mk

)− log2 σ
2

︸ ︷︷ ︸
ICB
m :contributed by MUI

, (29)

where γCB
k = 1/(

∏
l �=k,m(1 − λCB

ml /λ
CB
mk )).

C. Average Per-user Rate of Non-CoMP Systems

From (9), the average data rate achieved by MSm by the
independent ZF precoding in Non-CoMP is

R̄NC
m = E{log2(1+

|gH
mbm

wNC
m |2

σ2 +
∑

j∈Sbm
|gH

mbm
wNC

j |2 +∑
k/∈Sbm ,k �=m |gH

mbk
wNC

k |2 }.

(30)

The powers of the desired signal and interference are shown
in the following two propositions.

Prop. 7: When Nt → ∞, the random variable
|gH

mbm
wNC

m |2/Nt converges to a deterministic variable,
i.e.,

lim
Nt→∞

|gH
mbm

wNC
m |2

Nt
= pNC

m αmbm(1 − ε̄mbm), (31)

and the MUI, |gH
mbj

wNC
j |2, j ∈ Sbm , is subject to exponen-

tial distribution with parameter λNC
MUI,j , where λNC

MUI,j =

pNC
j αmbm ε̄mbm is the average MUI power caused by MSj

who is located in the same cell with MSm.
Prop. 8: When Nt → ∞, the ICI power experienced by

the desired user MSm, |gH
mbk

wNC
k |2, k /∈ Sbm and k �= m, is

subject to an exponential distribution with parameter λNC
ICI,k,

where λNC
ICI,k = pNC

k αmbk is the average ICI power caused
by MSk who is not located in the same cell with MSm.

The proofs for these two propositions are similar to those
for Prop.1 and Prop. 2, therefore are omitted for conciseness.

Comparing Prop. 7 with Prop. 5, we can see that the
asymptomatic signal power of Non-CoMP is identical to that
of CoMP-CB, and λNC

MUI,j will equal to λCB
mj if pNC

j = pCB
j .

It is shown from Prop. 8 that λNC
ICI,k does not depend on the

NMSE of predicted/estimated cross channel. This is because
in Non-CoMP systems each BS does not predict/estimate the
channels to the MSs located in other cells.

Analogous to the derivations for CoMP-JP, after some
regular manipulations we obtain the interference and noise
term in the average rate in Non-CoMP systems as

INC
m = − log σ2 +

1

ln 2

∑
k∈Sbm

γNC
k exp(

σ2

λNC
mk

)Ei(− σ2

λNC
mk

)

+
1

ln 2

∑
k/∈Sbm ,k �=m

γNC
k exp(

σ2

λNC
mk

)Ei(− σ2

λNC
mk

), (32)

where γNC
k = 1/(

∏
l �=k,m(1 − λNC

ml /λ
NC
mk )), λNC

mj =

λNC
MUI,j = pNC

j αmbj ε̄mbj is the average MUI when j ∈ Sbm ,
and λNC

mk = λNC
ICI,k = pNC

k αmbk is the average ICI when
k /∈ Sbm and k �= m.

Considering that λNC
MUI,j = pNC

j αmbm ε̄mbm � λNC
ICI,k =

pNC
k αmbk due to the using of the independent ZF precoding,

we have

γNC
k = 1/(

∏
l �=k,m

(1− λNC
ml /λ

NC
mk )) ≈ 0, k ∈ Sbm . (33)

Substituting (33) into (32), we have

INC
m ≈ 1

ln 2

∑
k/∈Sbm ,k �=m

γNC
k exp(

σ2

λNC
mk

)Ei(− σ2

λNC
mk

)− logσ2,

(34)
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which reflects the impact of the ICI and noise.
Again, assuming that the SINR experienced at MSm is

much larger than 1, we obtain an approximated asymptotic
average data rate of MSm in Non-CoMP as follows

RNCA
m � log2(Ntpmαmbm(1 − ε̄mbm))︸ ︷︷ ︸

SNC
m :contributed by signal

+INC
m . (35)

Note that in Non-CoMP systems, the NMSE of the channel
prediction/estimation only affects the average per-user rate loss
induced by the power reduction of the desired signal.

D. Rate Gain of Channel Prediction Over Channel Estimation

For mathematical tractability, we rewrite the exponential
integral function as

Ei(x) = ln |x|+
∞∑
k=1

xk

k · k! + C, x �= 0, (36)

where C = 0.5772 is Euler-Mascheroni constant.
Substituting (13) and (36) into (22), the asymptotic average

per-user rate of CoMP-JP can be obtained as follows

RJPA
m

= log2(Ntp
JP
m

B∑
b=1

αmb(1− ε̄mb))− log2 σ
2 +

1

ln 2∑
k �=m

γJP
k exp(

σ2

λJP
mk

)(ln
σ2

λJP
mk

+
∞∑
n=1

(−σ2/)n

n · n! + C)

= log2(Ntp
JP
m

B∑
b=1

αmb(1− ε̄mb))− log2 σ
2

+
1

ln 2

∑
k �=m

γJP
k (ln

σ2

λJP
mk

+ C) +
1

ln 2

∑
k �=m

γJP
k

(

∞∑
n=1

(−σ2/λJP
mk)

n

n · n! + (exp(
σ2

λJP
mk

)− 1)Ei(− σ2

λJP
mk

))

(a)
= log2(Ntp

JP
m

B∑
b=1

αmb(1− ε̄mb))−NJP
m

−
∑
k �=m

γJP
k log2(p

JP
k

B∑
b=1

αmbε̄mbβkb)

︸ ︷︷ ︸
IUB
JP

+
C

ln 2
, (37)

where the equality (a) holds because
∑

j �=m γJP
j =

1 as shown below (20), and NJP
m �

1
ln 2

∑
k �=m γJP

k ( σ2

λJP
mk

∑∞
n=1

(−σ2/λJP
mk)

n−1

n·n! − (exp( σ2

λJP
mk

) −
1)Ei(− σ2

λJP
mk

)).
With similar derivation, we can derive the asymptotic aver-

age per-user rates of CoMP-CB and Non-CoMP as follows

RCBA
m = log2(Ntp

CB
m αmbm(1− ε̄mbm)) +

C

ln 2

−
∑
k �=m

γCB
k log2(p

CB
k αmbk ε̄mbk)︸ ︷︷ ︸

IUB
CB

−NCB
m ,(38)

RNCA
m = log2(Ntp

NC
m αmbm(1− ε̄mbm)) +

C

ln 2

−
∑

k/∈Sbm

γNC
k log2(p

NC
k αmbk)

︸ ︷︷ ︸
IUB
ICI

−NNC
m , (39)

where NCB
m �

∑
k �=m γCB

k ( σ2

λCB
mk

∑∞
n=1

(−σ2/λCB
mk )n−1

n·n! −
(exp( σ2

λCB
mk

) − 1)Ei(− σ2

λCB
mk

)), and NNC
m �∑

k �=m γNC
k ( σ2

λNC
mk

∑∞
n=1

(−σ2/λNC
mk )n−1

n·n! − (exp( σ2

λNC
mk

) −
1)Ei(− σ2

λNC
mk

)).
Because when Nt → ∞, the asymptotic average rates are

dominated by the interference terms and the noise terms are
negligible, we have NJP

m ≈ 0, NCB
m ≈ 0 and NNC

m ≈ 0.
In the sequel, we analyze the performance gain of using

channel prediction over using channel estimation in the con-
sidered systems. To obtain explicit expressions for ease of
comparison, we consider that the desired MSm is located
at the “exact cell edge”, i.e., αm1 = · · · = αmB = αm.
This is the worst case, because the interference caused by
the outdated CSI is most severe for the MS. Then, we have
ε̄CE
m1 = · · · = ε̄CE

mB = ε̄CE
m and ε̄CP

m1 = · · · = ε̄CP
mB = ε̄CP

m .
From (23), we obtain

(λJP
mj )

CE

(λJP
mk)

CE
=

pjαmε̄CE
m

pkαmε̄CE
m

=
pj
pk

=
(λJP

mj )
CP

(λJP
mk)

CP
. (40)

From the definition of γJP
j in (20), we have

(γJP
j )CE = 1/(

∏
l �=j,m

(1− (λJP
ml )

CE/(λJP
mj )

CE))

= (γJP
j )CP . (41)

For notational simplicity, in the following we omit the super-
script in (γJP

j )CE and (γJP
j )CP , and write them as γJP

j .
For CoMP-JP systems, the gain of the average per-user rate

with channel prediction over channel estimation can be derived
by considering NJP

m ≈ 0 as follows

ΔRJP
m = RJPA

m (ε̄CP
m )−RJPA

m (ε̄CE
m )

≈ log2(
Ntp

JP
m

∑B
b=1 αm(1− ε̄CP

m )

NtpJPm
∑B

b=1 αm(1− ε̄CE
m )

)︸ ︷︷ ︸
contribution from signal

+
∑
k �=m

γJP
k log2(

pJPk αmε̄CE
m

pJPk αmε̄CP
m

)

︸ ︷︷ ︸
contribution from interference

= log2(
1− ε̄CP

m

1− ε̄CE
m

) +
∑
k �=m

γJP
k log2(

ε̄CE
m

ε̄CP
m

)

= log2(
1− ε̄CP

m

1− ε̄CE
m

) + log2(
ε̄CE
m

ε̄CP
m

). (42)

For CoMP-CB systems, the gain of the average per-user
rate with channel prediction can be similarly derived by
considering NCB

m ≈ 0 as
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ΔRCB
m = RCBA

m (ε̄CP
m )−RCBA

m (ε̄CE
m )

≈ log2(
Ntp

CB
m αm(1− ε̄CP

m )

NtpCB
m αm(1− ε̄CE

m )
)︸ ︷︷ ︸

contribution from signal

+
∑
k �=m

γCB
k log2(

pCB
k αmε̄CE

m

pCB
k αmε̄CP

m

)

︸ ︷︷ ︸
contribution from interference

= log2(
1− ε̄CP

m

1− ε̄CE
m

) + log2(
ε̄CE
m

ε̄CP
m

)

= ΔRJP
m . (43)

For Non-CoMP systems, the gain can be derived by con-
sidering NNC

m ≈ 0 as

ΔRNC
m = RNCA

m (ε̄CP
m )−RNCA

m (ε̄CE
m )

≈ log2(
Ntp

NC
m αmbm(1− ε̄CP

m )

NtpNC
m αmbm(1− ε̄CE

m )
)︸ ︷︷ ︸

contribution from signal

= log2(
1− ε̄CP

m

1− ε̄CE
m

). (44)

Comparing (42), (43) with (44), we can see that ΔRNC
m

equals to the first terms in ΔRJP
m and ΔRCB

m . Since ε̄CP
mb <

ε̄CE
mb in time varying channels, it implies that CoMP systems

benefit more significantly from channel prediction than Non-
CoMP systems.

This can be explained as follows. For Non-CoMP systems,
we can observe from (35) or (39) that using channel prediction
can retrieve the power loss of the desired signal, but cannot
retrive the rate loss induced by the ICI. For CoMP systems,
on the contrary, using channel prediction retrieves the rate loss
caused both by the power reduction on the desired signal and
by the MUI, as shown in (37) and (38). Since interference is
more detrimental than power loss in cellular systems, using
channel prediction can improve the performance of CoMP
systems remarkably.

Though these results are obtained from asymptotic analysis
when the MSs are located at the exact cell-edge, the simu-
lations later will show that the conclusion is still valid for
general cases with finite number of antennas.

IV. SIMULATION AND NUMERICAL RESULTS

In this section, we first verify our previous analysis via
simulations, and then show the gain of channel prediction for
CoMP systems with large backhaul latency by comparing with
Non-CoMP systems.

A. Simulation and Parameters Setup

Consider CoMP systems with a BS-to-BS distance of 500
m. Each BS transmits with a maximal power of 40 W and with
10 MHz bandwidth. Each MS transmits with a maximal power
of 0.2 W with 180 kHz bandwidth. The carrier frequency is
2 GHz. The path loss exponent is 3.76, the average power
loss at the reference distance of 1 m is 36.3 dB, the minimum
distance between the MSs and each BS is 35 m, and 8 dB

shadowing is considered. This simulation setup is based on
[22].

We consider a realistic time-varying channel model, Jakes
Model, which is widely applied in various standardization
organizations. Its temporal correlation function is Rh(τ) =
J0(2πfdτ), where J0(·) is the zeroth order Bessel function of
the first kind, and fd is the Doppler spread.

When simulating the average per-user rate achieved by
the considered precoders, we use Wiener filter with finite
coefficients of Q because in practical systems the number of
training symbols is limited, where Q = 5. Specifically, each BS
employs five received uplink training symbols respectively in
the successive uplink frames to predict the downlink channel
[11], and uses five received training symbols in each uplink
frame to estimate the channel for next downlink frame. The
speed of the MSs is 3 km/h or 10 km/h. Each MS is located in
a cell edge region, where the ratio of the large scale fading gain
of its local channel to the sum of those of the cross channels,
i.e., αmbm/

∑
b�=bm

αmb for MSm, is less than a certain value.
Unless otherwise specified, we consider the following set-

ting. The cell edge SNR is 10 dB, which is the average down-
link receive SNR at the MS with 250 m distance from each BS.
We consider i.i.d. Rayleigh fading channels, and the simulation
results are obtained from 100 small scale channel realizations.
We consider equal power allocation among the users. The
backhaul latency T = 7.5 ms, and the delay between the
locally estimated channels and the realistic channels during
downlink transmission τ = 5 ms.

Remind that when the channel estimation method is applied,
in the decentralized CoMP-JP (with legend “Dec-JP”) with
w

(b)
mb in (4) and optimal power allocation in (18), CoMP-CB

(with legend “CB”) and Non-CoMP systems, the outdated CSI
is caused by the delay between training and transmission, and
in centralized CoMP-JP (with legend “Cen-JP”) systems, the
outdated CSI is caused by both the backhaul latency and delay
between training and transmission. The overall CSI delays for
these systems are listed in Table I.

TABLE I: The overall CSI delays in different
systems

Cen-JP Dec-JP CB Non-CoMP
Δ 2T + τ τ τ τ

The NMSE of the channel prediction and channel estimation
for all the numerical results with various values of Δ is
computed from [11], where Q = 5. Because the NMSE of
the predicted channels for the centralized and decentralized
CoMP-JP systems differ, their average per-user rates are
different, although in Section III A we have used a unified
form to express their asymptotic average per-user rates.

B. Validation of the Analytical Analysis

To validate the asymptotic results in Section III derived for
Nt → ∞, Fig. 2 shows the simulated average per-user rate and
the numerical results obtained from (22), (29) and (35) with
finite Nt. To validate the impact of ignoring the noise terms on
ΔRJP

m , ΔRCB
m and ΔRNC

m , Table II shows the simulated per-
user average rate and the numerical results obtained from (37),
(38) and (39) with NJP

m = 0, NCB
m = 0 and NNC

m = 0. We
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Fig. 2: Simulated average per-user rate and numerical results of the
asymptotic average per-user rate of CoMP-JP, CoMP-CB and Non-
CoMP systems. B = M = 2.

consider two MSs located on the line connecting the two BSs,
the speed of each MS is 3 km/h. The distance between each
MS and its local BS is 240 m, which corresponds to a 1 dB cell
edge region. From the figure we can see that the asymptotic
rates of both centralized and decentralized CoMP-JP systems
converge to the simulation result faster than CoMP-CB and
Non-CoMP. This is because the CU of CoMP-JP systems is
actually a “super BS” with BNt antennas. Both the figure
and the table show that the numerical results are close to the
simulated results. The results for the MSs with other speeds
such as with 10 km/h are similar, which are not shown for
conciseness.

TABLE II: Simulation results and Numerical results of the
approximations by ignoring noise. Cell edge SNR= 30 dB,
B = M = 2 and Nt = 8.

Average Per-User Rate Cen-JP CB Non-CoMP
Approximations (bps/Hz) 5.71 5.11 3.81

Simulated results (bps/Hz) 5.62 4.91 3.63

C. Numerical Results of Rate Gain of Channel Prediction
Over Channel Estimation

In the sequel we respectively show the asymptotic average
rate of the desired MS versus the backhaul latency T (where
τ is the same as in Section IV.A) and fdΔ when channel
prediction or channel estimation is employed, which are
numerically obtained from (22), (29) and (35). The desired
user is located in cell edge, whose distance to its local BS is
200 m.

Figure 3 is the average rate versus T . The speed of each
MS is 3 km/h. The distances from the co-scheduled user(s)
to their local BSs are 240 m. The rate gain of the centralized
CoMP-JP system is significant compared to others because the
CSI delay in this kind of system is the largest. Moreover, the
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Fig. 3: Numerical results of the asymptotic average per-user rate when
channel prediction or channel estimation is used. B = 2, M = 2, 4
and Nt = 8.

performance gain increases with the number of MSs M in each
system, because the the MUI power caused by the imperfect
CSI increases with M . By contrast, the Non-CoMP system
almost has no performance gain with the channel prediction.

Figure 4 is the average rate versus fdΔ. To differentiates the
impact of the backhaul latency from the uplink training delay,
we set T = 0 ms, which reflects a perfect backhaul with no
latency. Then all the systems have identical CSI delay Δ =
τ , and the centralized and decentralized CoMP-JP systems
achieve the same performance as we analyzed in Section III
A. To illustrate the impact of the location of the co-scheduled
MSs, the distance between the co-scheduled user and its local
BS is 50 m (cell center co-scheduled MS) or 240 m (cell edge
co-scheduled MS).

When the values of fdΔ are very low, e.g., equals zero,
there is no performance gain of channel prediction over the
channel estimation, as expected. In this scenario of static
channel, all CoMP systems is superior to Non-CoMP system
significantly.

When the values of fdΔ are high, for cell edge user CoMP-
JP slightly outperforms Non-CoMP when using channel pre-
diction, but is inferior to Non-CoMP when using channel
estimation. This is because without backhaul latency the
only difference of CoMP-JP with Non-CoMP is the channel
statistics. When all the users are located in cell edge, their
CoMP channels are approximately i.i.d., which are similar to
Non-CoMP channels. When the co-scheduled MS is located
in cell center, CoMP-JP always outperforms Non-CoMP. This
can be explained by the MUI power analysis in (24).

Comparing Figs. 3 and 4, we can see that when the
CSI delay is also led by the backhaul latency, the gain of
channel prediction over channel estimation is distinct from
those with perfect backhaul, which largely depends on the
specific manner of the BS cooperation.
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Fig. 4: Numerical results of the asymptotic average per-user rate
when channel prediction or channel estimation is used. B = M = 2
and Nt = 8.

D. Simulation of the Rate Gain of Channel Prediction

Finally, we simulate a more realistic scenario. We consider
19 hexagonal cells with the wrap around topology in order to
eliminate boundary effects, where each of the three neighbor-
ing BSs is cooperative without overlapping. 10 candidate MSs
are randomly placed in each cell within a 3 or 10 dB cell edge
region. Considering that the user scheduling for CoMP-CB and
for decentralized CoMP-JP are on-going research topics, we
only study the impact of the imperfect CSI on precoding, i.e.,
on beamforming and power allocation. Therefore, we consider
that each BS selects two MSs with a Round-Robin scheduling.
PBPC is considered for CoMP systems. For the centralized
and decentralized CoMP-JP, the precoders are respectively
obtained from (2), (3) and (4), which consist of the joint
ZFBF together with a power allocation that maximizes the
sum rate of the six MSs under PBPC [23]. For CoMP-CB,
the power allocation in the individual ZF precoder is obtained
by maximizing the sum rate of the two MSs in each cell
under PBPC. All the results are obtained from 1000 random
places for each MS, and for different places the MSs undergo
independent Rayleigh fading channels. The simulation results
are shown in Fig. 5. We can see that the previous conclusions
are still valid. Comparing the results for the cases where the
users are located in a 3 and 10 dB cell edge region, we can
find that the performance gain of channel prediction is more
pronounced when the channels are more asymmetric, i.e., the
large scale channel gains are more different.

The following observations can be obtained. (1) CoMP
systems always outperform Non-CoMP systems when channel
prediction is applied, which is not true when channel estima-
tion is applied. (2) The performance gains of channel pre-
diction over channel estimation for CoMP systems are much
larger than the gain for Non-CoMP systems, which depends
on the speed and location of the MSs. (3) When channel
prediction is applied, the centralized CoMP-JP achieves the
highest average per-user rate only when the MSs are with low
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Fig. 5: Simulated average per-user rates. B = 3, M = 6 and Nt = 8.
The height of the black bar is the average per-user rate with channel
estimation, and the overall height of the black and white bars in each
case is the average per-user rate with channel prediction.

speed and located in the 3 dB cell edge region, while the
decentralized CoMP-JP will perform the best if the MSs are
with more asymmetric channels. Comparing the decentralized
CoMP-JP with CoMP-CB which employ the same CSI with
the same delay, it is interesting to see that the decentralized
CoMP-JP is superior to CoMP-CB.

Note that we have assumed i.i.d. small scale fading channels
in previous analysis. In existing systems, the channels from
each BS to each user are usually spatially correlated [22].
Moreover, the temporal correlation usually depends on the
spatial correlation, which can be exploited to predict the
MIMO channels with shorter channel coherent time [12]. This
implies that a much higher user speed than 10 km/h can be
supported for CoMP in prevalent 3GPP systems.
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V. CONCLUSION

In this paper, we investigated the performance gain of
channel prediction over channel estimation for centralized and
decentralized CoMP-JP, CoMP-CB and Non-CoMP systems.
Analytical and simulation results showed that CoMP systems
benefit more significantly from channel prediction than Non-
CoMP systems, where the performance gain largely depends
on the way of cooperation and the locations of the users.
When channel estimation is used for the users with higher
speed, the centralized CoMP-JP will perform the worst and be
even inferior to Non-CoMP. When channel prediction is used,
CoMP systems always outperform Non-CoMP systems. In
general, the performance of CoMP systems will be improved
remarkably even with large backhaul latency whenever the
channels are predictable. Considering that CoMP systems are
expected to serve low mobility users, our results suggest that
the current backhaul may be sufficient for CoMP in terms
of the latency. This is very attractive since upgrading the
deployed backhaul is of high cost.

APPENDIX A
PROOF OF PROP.1

The global channel vector of MSm can be expressed by its
estimation or prediction as follows,

gm(t) = ĝm(t) + em(t), (A.1)

where ĝm(t) is uncorrelated with em(t), for channel estima-
tion ĝm(t) = ρĝm(t−q), ρ is the temporal correlation between
g(t) and g(t − q) and q is the delay between uplink training
and downlink transmission. The elements of em(t) are zero
mean and E{em(t)eHm(t)} = diag(εm1I · · · εmBI).

For notational simplicity, we omit the time variable of the
time-varying channels. Further considering the precoder of
MSm shown in (2), we can obtain

lim
Nt→∞

|gH
mwJP

c,m|2
Nt

= lim
Nt→∞

pJPm |(ĝH
m + eHm)Q̂c,mĝm|2

Nt‖Q̂c,mĝm‖2 . (A.2)

Noticing that Q̂c,m is the null space spanned by the global
channel vectors of all the MSs except MSm, and (Q̂c,m)H ·
Q̂c,m = Q̂c,m, we can rewrite (A.2) as

lim
Nt→∞

|gH
mwJP

c,m|2
Nt

= lim
Nt→∞

pJPm
Nt

(ĝH
mQ̂c,mĝm

+eHmQ̂c,mĝm+ĝH
mQ̂c,mem+

|eHmQ̂c,mĝm|2
ĝH
mQ̂c,mĝm

).(A.3)

Considering (A.1) and the fact that gm is the global channel
of MSm that is independent from the global channels of other
users, from the law of large numbers we obtain

lim
Nt→∞

ĝH
mĝj

Nt
=

{ ∑B
b=1(αmb − εmb), if m = j,

0, if m �= j,
(A.4)

lim
Nt→∞

êHmĝj

Nt
= 0. (A.5)

From the definition of Qc,m we can rewrite it as

Qc,m = I− 1

Nt
ḠH

c,m(
1

Nt
Ḡc,mḠH

c,m)−1Ḡc,m, (A.6)

where Ḡc,m = [ĝ1 · · · ĝm−1ĝm+1 · · · ĝM ]H .
From (A.4), we have

lim
Nt→∞

1

Nt
Ḡc,mḠH

c,m

=

⎡
⎢⎣
∑B

b=1(α1b − ε1b) · · · 0
...

. . .
...

0 · · · ∑B
b=1(αMb − εMb)

⎤
⎥⎦,(A.7)

and then from (A.6) we obtain

lim
Nt→∞

Qc,m = I− 1

Nt

∑
j �=m

ĝj ĝ
H
j∑B

b=1(αjb − εjb)
. (A.8)

Substituting (A.4) and (A.8) into (A.3), the first term
without pJPm becomes

lim
Nt→∞

ĝH
mQc,mĝm

Nt

= lim
Nt→∞

(
ĝH
mĝm

Nt
−

∑
j �=m

1∑B
b=1(αjb − εjb)

ĝH
mĝj

Nt

ĝH
j ĝm

Nt
)

=

B∑
b=1

αmb(1 − ε̄mb). (A.9)

By using (A.5), the second term without pJPm becomes

lim
Nt→∞

eHmQc,mĝm

Nt

= lim
Nt→∞

(
eHmĝm

Nt
−

∑
j �=m

1∑B
b=1(αjb − εjb)

eHmĝj

Nt

ĝH
j ĝm

Nt
)

= 0. (A.10)

With similar proofs, the third and fourth terms of (A.3) become

lim
Nt→∞

ĝH
mQ̂c,mem

Nt
= lim

Nt→∞
1

Nt

|eHmQ̂c,mĝm|2
ĝH
mQ̂c,mĝm

= 0. (A.11)

Therefore,

lim
Nt→∞

|gH
mwJP

c,m|2
Nt

= lim
Nt→∞

pJPm ĝH
mQc,mĝm

Nt

= pJPm

B∑
b=1

αmb(1− ε̄mb). (A.12)

APPENDIX B
PROOF OF PROP.2

Considering the precoder of MSm shown in (2), we obtain

lim
Nt→∞

gH
mwJP

c,j = lim
Nt→∞

√
pJPj gH

mQ̂c,jĝj

‖Q̂c,jĝj‖
. (B.1)

Substituting (A.8) into (B.1), we have

lim
Nt→∞

gH
mwJP

c,j

= lim
Nt→∞

√
pJPj

‖Q̂c,jĝj‖
(gH

mĝj −
∑
l �=j

gH
mĝl

Nt

ĝH
l ĝj∑B

b=1(αlb − εlb)
)

= lim
Nt→∞

√
pJPj

‖Q̂c,jĝj‖
(gH

mĝj − gH
mĝm

Nt

ĝH
mĝj∑B

b=1(αmb − εmb)

−
∑

l �=m,j

gH
mĝl

Nt

ĝH
l ĝj∑B

b=1(αlb − εlb)
)). (B.2)



SU et al.: THE VALUE OF CHANNEL PREDICTION IN COMP SYSTEMS WITH LARGE BACKHAUL LATENCY 4589

After substituting (A.4) into the second and third terms, (B.2)
becomes

lim
Nt→∞

gH
mwJP

c,j = lim
Nt→∞

√
pJPj

‖Q̂c,jĝj‖
(gH

mĝj − ĝH
mĝj)

= lim
Nt→∞

√
pJPj

‖Q̂c,jĝj‖
eHmĝj

= lim
Nt→∞

√
pJPj /Nte

H
mĝj√

ĝH
j Q̂c,jĝj/Nt

. (B.3)

After substituting (A.9) into the denominator, (B.3) turns into

lim
Nt→∞

gH
mwJP

c,j = lim
Nt→∞

√
pJPj∑B

b=1 αjb(1 − ε̄jb)
· e

H
mĝj√
Nt

. (B.4)

From the central limit theorem, the random variable
eHmĝj/

√
Nt converges in distribution to a complex Gaussian

random variable with zero mean, and the variance is
B∑

b=1

αmbε̄mbαjb(1− ε̄jb). (B.5)

From (B.4) and (B.5), the variance of the random variable
lim

Nt→∞
gH
mwJP

c,j can be obtained as

λJP
c,mj = pJPj

∑B
b=1 αmbε̄mbαjb(1− ε̄jb)∑B

b=1 αjb(1− ε̄jb)
. (B.6)

Denote βc
jb =

αjb(1−ε̄jb)∑
B
b=1 αjb(1−ε̄jb)

, then (B.6) can be rewritten as

λJP
c,mj = pJPj

B∑
b=1

αmbε̄mbβ
c
jb. (B.7)

Therefore, gH
mwJP

c,j converges in distribution to an exponential
distribution with the parameter 1/λJP

c,mj .
In the following, we prove that gH

mwJP
c,j and gH

mwJP
c,k

are uncorrelated by proving that E{gH
mwJP

c,j g
H
mwJP

c,k } =

E{gH
mwJP

c,j }E{gH
mwJP

c,k }. On one hand,

E{gH
mwJP

c,j }E{gH
mwJP

c,k } = 0. (B.8)

On the other hand, the global channel vector of MSk, i.e., gk,
is independent from gj and em. Then, we have

E{gH
mwJP

c,j g
H
mwJP

c,k }

= E{
√
pJPj eHmĝj√

Nt

∑B
b=1(αjb − εjb)

√
pJPk eHmĝk√

Nt

∑B
b=1(αkb − εkb)

}

=

√
pJPj pJPk E{eHmĝje

H
m}E{ĝk}

Nt

√∑B
b=1(αjb − εjb)

∑B
b=1(αkb − εkb)

=

√
pJPj pJPk E{eHmĝje

H
m} · 0

Nt

√∑B
b=1(αjb − εjb)

∑B
b=1(αkb − εkb)

= 0. (B.9)

From (B.8) and (B.9) we know that gH
mwJP

c,j and gH
mwJP

c,k

are uncorrelated. Since both of them are complex Gaussian
random variables, they are independent.

APPENDIX C
PROOF OF PROP.3

From (3), the precoding vector for MSm is given by wJP
d,m =

[w
(1)H
m1 · · ·w(B)H

mB ]H . Therefore, we have

lim
Nt→∞

|gH
mwJP

d,m|2
Nt

= lim
Nt→∞

|∑B
b=1 g

H
mbw

(b)
mb|2

Nt

= lim
Nt→∞

∣∣∣∣ B∑
b=1

√
p
(b)
m gH

mbQ̂mbĝ
(b)
mb√

Nt‖Q̂mbĝ
(b)
mb‖

∣∣∣∣2

= lim
Nt→∞

∣∣∣∣ B∑
b=1

√
p
(b)
m ĝ

(b)H
mb Q̂mbĝ

(b)
mb√

Nt‖Q̂mbĝ
(b)
mb‖

+

B∑
b=1

√
p
(b)
m e

(b)H
mb Q̂mbĝ

(b)
mb√

Nt‖Q̂mbĝ
(b)
mb‖

∣∣∣∣2

� lim
Nt→∞

|
B∑

b=1

Ab +

B∑
b=1

Bb|2. (C.1)

With a similar derivation as for the proof of Prop.1, we obtain

lim
Nt→∞

|Ab|2 = lim
Nt→∞

p
(b)
m ĝ

(b)H
mb Q̂mbĝ

(b)
mb

Nt
= p(b)m αmb(1− ε̄

(b)
mb),

and

lim
Nt→∞

|Bb|2 = lim
Nt→∞

p
(b)
m |e(b)Hmb Q̂mbĝ

(b)
mb|2

Ntĝ
(b)H
mb Q̂mbĝ

(b)
mb

= lim
Nt→∞

√
p
(b)
m e

(b)H
mb Q̂mbĝ

(b)
mb√

Nt‖Q̂mbĝ
(b)
mb‖

= 0.(C.2)

Because lim
Nt→∞

Ab = lim
Nt→∞

√
p
(b)
m√
Nt

‖Q̂mbĝ
(b)
mb‖ , which should

be a real number, we have

lim
Nt→∞

√
Ab =

√
p
(b)
m αmb(1− ε̄

(b)
mb). (C.3)

Substituting (C.2) and (C.3) into (C.1), we obtain

lim
Nt→∞

|gH
mwJP

d,m|2
Nt

=

( B∑
b=1

√
p
(b)
m αmb(1− ε̄

(b)
mb)

)2

. (C.4)

APPENDIX D
PROOF OF PROP.4

Analogous to the proof of Prop. 3, substituting the precod-
ing vector for MSm into gH

mwJP
d,j , we have

gH
mwJP

d,j =

B∑
b=1

gH
mbw

(b)
jb . (D.1)

With a similar derivation as for the proof of Prop. 2, we obtain
that gH

mbw
(b)
jb converges in distribution to a complex Gaussian

random variable with zero mean and variance as p
(b)
j αmbε̄

(b)
mb.

Therefore, gH
mwJP

d,j converges in distribution to a complex
Gaussian random variable with zero mean and variance as

λJP
d,mj =

B∑
b=1

p
(b)
j αmbε̄

(b)
mb.
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As a result, |gH
mwJP

d,j |2 converges in distribution to an expo-
nential distribution with parameter 1/λJP

d,mj .
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