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Abstract—Coordinated multi-point transmission (CoMP) has
been widely recognized as a promising technique for improving
spectral efficiency in future cellular systems. However, it may
require high-capacity backhaul links, which can increase expense.
In this paper, we study the cooperative transmission method
with limited-capacity backhaul. Downlink CoMP transmission
requires the exchange of information between base stations,
depending on the type of CoMP schemes. Either channel state
information (CSI) information of all users (for coordinated
beamforming), or both data and CSI (for joint processing) need
to be shared among all cooperative base stations. The latter
method exhibits better performance, but requires high capacity
backhaul links. For this reason, we propose in this paper a
transmission mode selection method under capacity constrained
backhaul. We start by analyzing the performance of two kinds
of CoMP transmission modes: joint processing and coordinated
beamforming with various types of user scheduling. Then we
propose a closed-form decision rule, which depends on the
strongest average channel gains of the users co-scheduled in the
same time-frequency resource. Simulation results show that the
proposed transmission mode selection outperforms the single-
mode CoMP transmission.

I. INTRODUCTION

Inter-cell interference (ICI) is a bottleneck to achieve
high spectrum efficiency of universal frequency reuse cellu-
lar networks, especially for multi-input-multi-output (MIMO)
systems. Recently, cooperative transmission of base stations
(BSs), also known as coordinated multi-point (CoMP) trans-
mission in 3GPP Long-Term Evolution-Advanced (LTE-A)
[1], has been widely recognized as a promising technique to
avoid or even exploit ICI, that can enhance system throughput
especially for cell-edge users [2]–[4].

The cooperative strategies of CoMP transmission include
coordinated beamforming (CB) and joint processing (JP), de-
pending on the information exchanged among the coordinated
BSs. In CB, each BS transmits only signals intended for
users in its own cell, but forms beams in such a way as
to minimize interference to users in neighboring cells. In
JP, BSs in a cooperative cluster jointly transmit signals to
all users in the cluster. To implement centralized cooperative
transmission, all BSs in the cooperative cluster are connected
to a central unit (CU) through low-latency backhaul links to

This work was supported in part by the national key project of next genera-
tion wideband wireless communication networks (2011ZX03003-001) and the
International S&T Cooperation Program of China (ISCP) (2008DFA12100).

share necessary information among the cooperated BSs. In the
CoMP-CB transmission mode, only channel state information
(CSI) is shared among BSs to facilitate each BS for designing
individual precoding [5], [6]. In the CoMP-JP transmission
mode, both data and CSI of all co-scheduled users in the
cluster are shared among the cooperated BSs to design global
precoding [2], [3], [7]. Since CoMP-CB avoids ICI while
CoMP-JP converts the ICI into useful signal, CoMP-JP always
outperforms CoMP-CB when the data and CSI are perfectly
shared among the BSs [4].

In practice, the capacity of backhaul links in existing sys-
tems are limited, which imposes strict constraints on the data
and CSI sharing for cooperative transmission, so that CoMP is
not superior under all circumstances anymore. Compared with
data sharing, the impact of CSI sharing on backhaul links is
negligible [8]. A number of papers have suggested methods to
optimize CoMP networks under backhaul constraints [9]–[12].
The capacity bounds for different cooperative schemes were
obtained in [9]. The authors in [10] proposed an algorithm
to select cooperative BSs for each mobile station aiming at
maximizing the network utility subject to backhaul-capacity
constraint. The strategy of rate splitting was studied in [11]
to efficiently use the limited backhaul capacity, where each
BS divides its data into a common part and a private part,
and only the common data is shared among the BSs for joint
transmission. The authors in [12] compared the performance
of CoMP-CB and CoMP-JP transmission by simulations and
showed that CoMP-CB may outperform CoMP-JP when the
limited-capacity backhaul is taken into account.

In this paper, we propose a method to select the transmission
mode between CoMP-CB and CoMP-JP modes to improve the
performance of downlink CoMP system with limited-capacity
backhaul. Specifically, we propose a closed-form decision rule
for mode selection, which depends on local large-scale fading
gains of all the users co-scheduled in the same time-frequency
resource. With the transmission mode selection, partial users
are served by JP while the others are served by CB, therefore
the mode selection system is superior to the system with a
single, fixed, CoMP-CB or CoMP-JP mode.

The remainder of this paper is organized as follows. In
Section II, we present the system model. In Section III, we
analyze the average performance of CoMP-CB and CoMP-JP
mode respectively and propose the transmission mode selec-
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Fig. 1. An example of a three BSs cooperative cluster, where MS 1 is the
local user of BS 1.

tion method. Simulation and numerical results are provided in
Section IV, followed by conclusions in Section V.

II. SYSTEM MODEL

Consider a cooperative cluster consisting of B BSs, each
equipped with Nt antennas, while mobile stations (users) have
single-antenna terminals. The assumption of single-antenna
users is made for simplicity and does not preclude applying
the results of this work to multiple antenna users. In CoMP-
CB, one active single-antenna user is served by one BS, while
in CoMP-JP, B users are jointly served by the B BSs with
multi-user MIMO precoding.

We suppose that each BS is connected with the CU via
a limited-capacity backhaul link, which is used to convey the
downlink data and CSI from CU to each BS. The capacities of
all backhaul links are all equal to C bps/Hz. In the following,
we ignore the burden caused by CSI sharing on the backhaul
links [8], and only consider the impact of data sharing on the
limited-capacity backhaul.

Denote by gij ∈ C
Nt×1 as the flat-fading small-scale

channel states between BS i and user j, each entry of which
is complex Gaussian random variable with zero mean and
unit variance, and all small-scale fading channel vectors are
assumed as independent and identically distributed (i.i.d). De-
note by hij = αijgij as the composite channel vector between
BS i and user j, and hj = [hH

1j , . . . ,h
H
Bj ]

H ∈ C
BNt×1

represents the global channel vector of user j, where αij is the
large scale amplitude including path loss and shadowing. All
the global channel vectors are assumed to be perfectly known
at the CU.

A. Coordinated Beamforming (CB)

In the CB transmission mode, each BS obtains the data of
its local user and the CSI of all active users in the cooperative
cluster from the CU through the backhaul link, and then
designs its precoder to avoid creating interference to other

cells. The received signal at user j can be expressed as

yCB
j =

√
pCB

j hH
jjvjjxj +

B∑
i�=j

√
pCB

i hH
ijviixi

︸ ︷︷ ︸
ICI

+zj , (1)

where xj is the transmit symbol for user j with E{|xj |2} = 1,
vjj ∈ C

Nt×1 is the precoding vector at BS j for user j with
||vjj ||2 = 1, pCB

j is the transmit power allocated for user j,
and zj is the Gaussian noise with variance σ2.

To eliminate ICI completely, the precoding vector should
satisfy hH

ijvii = 0,∀i �= j.1 Then the received signal-to-noise-
and interference ratio (SINR) of user j can be obtained as

γCB
j =

pCB
j |hH

jjvjj |2
σ2

=
pCB

j α2
jj |gH

jjvjj |2
σ2

=
pCB

j α2
jj ||gjj ||2|g̃H

jjvjj |2
σ2

, (2)

where g̃jj represents the channel direction of gjj , |g̃jj | = 1.
We consider per-user power constraint 2 (PUPC) [15], which
means that pCB

j ≤ 1, j = 1, . . . , B in (2).

B. Joint Processing (JP)

In the JP transmission mode, the data and CSI of all active
users in the cluster are conveyed from the CU to each BS.
The received signal at user j is expressed as

yJP
j =

√
pJP

j hH
j wjxj +

B∑
i�=j

√
pJP

i hH
j wixi + zj , (3)

where wj ∈ C
BNt×1 is the global precoding vector for user

j with ||wj ||2 = 1, and pJP
j is the power allocated for user j.

With PUPC, we have pJP
j ≤ 1.

To completely eliminate interference we consider zero-
forcing percoding [16], i.e., hH

j wi = 0,∀i �= j. The received
SINR of user j and can be obtained as

γJP
j =

pJP
j |hH

j wj |2
σ2

. (4)

III. MODE SWITCHING BETWEEN COMP-CB AND
COMP-JP

We now come to the core of our paper, the development of a
criterion for switching between the CB and JP. Our strategy is
intended to provide a semi-dynamic mode selection that needs
little signaling and is robust to the signaling latency [17]. We
thus employ the average sum rate as the performance metric
for mode selection instead of instantaneous sum rate.

We start by analyzing the average sum rate of CoMP-CB
and JP transmission. Employing a mapping of capacity con-
straints onto equivalent power constraints, and by comparing
their performance under limited-capacity backhaul, we derive

1We consider this precoder for analytical tractability. Precoders optimized
for alternative criteria could be based, e.g., on minimization of mean-square
error, or maximization of signal-to-leakage ratio [13, Chapter 23.3].

2The systems under different power constraints perform closely when the
number of users is large [14].
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the criterion for mode selection method between CoMP-CB
and JP.

A. Average Sum Rate

The average sum rate of CoMP-CB and JP transmission
mode can respectively be expressed as follows,

RCB
sum =

B∑
j=1

RCB
j =

B∑
j=1

E{log2

(
1 + γCB

j

)}, (5)

RJP
sum =

B∑
j=1

RJP
j =

B∑
j=1

E{log2

(
1 + γJP

j

)}, (6)

where RCB
j and RJP

j respectively represent the average rate
of user j under CoMP-CB and JP mode, and E{·} is the
expectation over small-scale channel fading states.

We can use Jensen’s inequality to obtain the upper bound
of the average sum rates in (5) and (6) as

RCB
sum ≤

B∑
j=1

log2

(
1 + E{γCB

j })

=
B∑

j=1

log2

(
1 +

pCB
j α2

jj · E{||gjj ||2|g̃H
jjvjj |2}

σ2

)
, (7)

RJP
sum ≤

B∑
j=1

log2

(
1 + E{γJP

j })

=
B∑

j=1

log2

(
1 +

pJP
j · E{|hH

j wj |2}
σ2

)
. (8)

It is not hard to show that the upper bounds are very tight
when the number of antennas at each BS is large, since the
variance of SINR in the log function becomes small for large
Nt. Therefore, we employ the upper bounds of the average
sum rate for analysis in the following, which leads to a closed-
form decision rule for mode switching.

Since user scheduling has a large impact on the perfor-
mance, in the following we consider two different schedul-
ing methods: random and orthogonal user scheduling, which
correspond to the worst and best cases.

1) Random User Scheduling: With random user-
scheduling, user j, j = 1, . . . , B are randomly selected
from all the candidate users in the B cells. This corresponds
a scenario when there is only one candidate user randomly
located in each cell.

In (7), the variable ||gjj ||2 and |g̃H
jjvjj |2 are independent

since the norm and direction of a Gaussian uniform vector are
independent. Therefore, E{||gjj ||2|g̃H

jjvjj |2} = E{||gjj ||2} ·
E{|g̃H

jjvjj |2} = Nt · E{|g̃H
jjvjj |2}. Moreover, the variable

|g̃H
jjvjj |2 follows a beta distribution with parameters B − 1

and Nt − B + 1 when random scheduling is considered
[18]. Applying the property of beta distributions, we have
E{|g̃H

jjvjj |2} = (Nt−B +1)/Nt. Thus, the average sum rate

of CoMP-CB with random user-scheduling can be obtained as

RCB−R
sum =

B∑
j=1

log2

(
1 +

(Nt − B + 1)pCB
j α2

jj

σ2

)
. (9)

In (8), the value of E{|hH
j wj |2} with random scheduling

has been obtained in [19] as

E{|hH
j wj |2} = Nt

B∑
i=1

ηiα
2
ij , (10)

where ηi, i = 1, . . . , B is determined by the following equa-
tions,

ηi = 1 − B − 1
BNt

B∑
j=1

ηiα
2
ij∑B

l=1 ηlα2
lj

. (11)

The value of ηi depends on the large-scale fading gains of
all B users, and

∑B
i=1 ηi = (BNt − B + 1)/Nt. Then, the

average sum rate of CoMP-JP transmission with random user-
scheduling can be obtained as

RJP−R
sum =

B∑
j=1

log2

(
1 +

Nt · pJP
j

∑B
i=1 ηiα

2
ij

σ2

)
. (12)

2) Orthogonal User-Scheduling: With orthogonal schedul-
ing, the users j, j = 1, . . . , B, are selected perfectly orthogonal
to each other. This can be achieved when there are enough
candidate users in each cell.

In the CoMP-CB mode, we schedule users that satisfy
gH

jjgji = 0, i, j = 1, . . . , B, i �= j. Therefore, the precoding
vector at BS j equals the direction of gjj , i.e., vjj = g̃jj , and
|g̃H

jjvjj |2 = 1. The average sum rate of CoMP-CB in (7) with
orthogonal scheduling is derived as

RCB−O
sum =

B∑
j=1

log2

(
1 +

Nt · pCB
j α2

jj

σ2

)
. (13)

In the CoMP-JP mode, we schedule users that satisfy
hH

i hj = 0, i �= j. Therefore, the global precoding vec-
tor wj = hj/||hj ||. Then E{|hH

j wj |} = E{||hj ||2} =
Nt

∑B
i=1 α2

ij . The average sum rate of CoMP-JP in (8) with
orthogonal scheduling is derived as

RJP−O
sum =

B∑
j=1

log2

(
1 +

Nt · pJP
j

∑B
i=1 α2

ij

σ2

)
. (14)

B. Limited-Capacity Backhaul

The downlink user date rate will be restricted by the limited-
capacity backhaul links between the CU and BSs.

In the CoMP-CB mode, the CU only conveys the downlink
data of local user to each BS through backhaul link. Thus, the
backhaul constraint is,

RCB
j ≤ C. (15)

In the CoMP-JP mode, the CU conveys the downlink data
of all active users to each BS. Thus, the backhaul constraint

1084



is,
RJP

sum ≤ C. (16)

The constraints in (15) and (16) can translate to the con-
straints on the permitted transmit powers pCB

j and pJP
j , j =

1, . . . , B. In other words, there is no point in achieving
a higher over-the-air capacity (with its associated transmit
power) than the backhaul capacity can provide. Substituting
(9) (12) (13) (14) into (15) and (16), we obtain that⎧⎪⎪⎨

⎪⎪⎩
(1 + ΓCB

j · pCB
j ) ≤ 2C ,

B∏
j=1

(1 + ΓJP
j · pJP

j ) ≤ 2C ,
(17)

where ΓCB
j = (Nt−B+1)α2

jj/σ2, ΓJP
j = Nt

∑B
i=1 ηiα

2
ij/σ2

under random user scheduling, and ΓCB
j = Ntα

2
jj/σ2, ΓJP

j =
Nt

∑B
i=1 α2

ij/σ2 under orthogonal scheduling. A second con-
straint of the transmit power pCB

j and pJP
j comes from the

PUPC limits (which is 1 per assumption):

pCB
j ≤ 1, pJP

j ≤ 1 . (18)

For user k, the backhaul constraint on pCB
k and pJP

k in (17)
can be transformed into

pCB
k ≤ 2C − 1

ΓCB
k

� TCB
k , (19)

pJP
k ≤ 2C/

∏B
j �=k(1 + ΓJP

k · pJP
k ) − 1

ΓJP
k

� T JP
k . (20)

Since TCB
k > T JP

k , the limited-capacity backhaul imposes
much rigid constraint on pJP

j than on pCB
j . To compare

the maximum value of RCB
sum and RJP

sum under the limited
backhaul capacity, in the following we consider three cases
according to the dominant constraints of pCB

j and pJP
j .

1) All pCB
j and all pJP

j , j = 1, . . . , B, are constrained by
maximal transmit power.
In this case, the value of RCB

sum and RJP
sum are maximized

when pCB
j = pJP

j = 1, j = 1, . . . , B. There,

RCB∗
sum =

B∑
j=1

log2

(
1 + ΓCB

j

)
,

RJP∗
sum =

B∑
j=1

log2

(
1 + ΓJP

j

)
.

Since ΓJP
j > ΓCB

j , the average sum rate of CoMP-JP
mode always exceeds that of CoMP-CB mode in this
case.

2) At least one of pCB
j , j = 1, . . . , B, is constrained by

the limited backhaul, and all pJP
j , j = 1, . . . , B, are

constrained by the limited backhaul.
In this case, the maximum value of RJP

sum equals to
the backhaul capacity C, and the maximum value of
RCB

sum exceeds C since at least one of RCB
j equals to C.

Therefore, the average sum rate of CoMP-CB is always
higher than that of CoMP-JP.

3) All pCB
j , j = 1, . . . , B, are constrained by the

maximal transmit power, and all pJP
j , j = 1, . . . , B,

are constrained by the limited backhaul. In this
case, RJP∗

sum = C, pCB
j = 1, j = 1, . . . , B and

RCB∗
sum =

∑B
j=1 log2

(
1 + ΓCB

j

)
.

We choose the CoMP-JP mode if∑B
j=1 log2

(
1 + ΓCB

j

)
< C, which can be rewritten as

B∏
j=1

(1 + Φ · α2
jj) < 2C (21)

where Φ = (Nt − B + 1)/σ2 under random user
scheduling, and Φ = Nt/σ2 under orthogonal user
scheduling. Otherwise, we choose the CoMP-CB mode
if

B∏
j=1

(1 + Φ · α2
jj) ≥ 2C . (22)

From above analysis we can see that transmission mode
selection is needed only for the third case, where the mode
selection rule is expressed as (21) and (22). In the first case,
RCB∗

sum < RJP∗
sum ≤ C always holds. This implies that if a group

of users satisfy the inequality of (21), they belong to the first
case. Similarly, in the second case,

∑B
j=1 log2

(
1 + ΓCB

j

) ≥
RCB∗

sum > C always holds. This means that if a group of users
satisfy the inequality of (22), they belong to the second case.
That is to say, (21) and (22) can be employed as a unified
decision rule for the CoMP mode selection in all cases.

Several observations can be obtained as follows.
• The decision rule for CoMP transmission mode selection

depends on many factors, such as the large-scale fading
gains, the noise power, the number of antennas at each
BS, and the capacity of backhaul links.

• The large-scale fading gains of all active users jointly
determine the mode selection rule. In other words, the
transmission mode depends on the location of all the co-
scheduled users. This implies that we can not obtain a
unique distance threshold (or SINR threshold) to divide
the active users into two groups that are respectively
served by CoMP-JP and CoMP-CB transmission mode.

• By design, only the large-scale channel characteristics,
but not the instantaneous fading realizations, between
each BS and its local user affect the mode selection
rule. This indicates that the proposed transmission mode
selection method requires little channel information and
works in a semi-dynamic way.

IV. SIMULATION AND NUMERICAL RESULTS

In this section, we will validate our analysis and evaluate
the performance of the proposed mode switching method via
simulation and numerical results.

We consider a cellular network where the radius of each
cell is 250 m, and the minimum distance from all users to
each BS is 35 m. The path loss follows a power law with
decay exponent factor is set as 3.76. The edge SNR is defined
similarly as in [20], which reflects the strength of the noise
power as well as the inter-cluster interference. The capacity of
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backhaul links in practical systems is in a range of 100 Mbps
∼ 2 Gbps. Therefore we consider C ∼ [1 bps/Hz, 20 bps/Hz]
with 100 MHz system bandwidth [21].
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(a) CoMP-JP and CB mode regions under random user scheduling,
where Nt = 4, C = 8 bps/Hz and edge SNR= 0 dB.
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C=  8 bps/Hz, Nt=4, edge SNR=0 dB

C=12 bps/Hz, Nt=4, edge SNR=5 dB

C=12 bps/Hz, Nt=4, edge SNR=0 dB

C=12 bps/Hz, Nt=2, edge SNR=0 dB

C=12 bps/Hz, Nt=2, edge SNR=0 dB 

Random user−scheduling

Orthogonal user−scheduling

(b) The border of CoMP JP region and CB region

Fig. 2. The results of mode selection in a two BSs cooperation scenario.

In Fig. 2, we consider a two BSs cooperation scenario, i.e.,
B = 2, and two users are dropped on the line connecting BS 1
and BS 2. The region of CoMP-JP and CB modes numerically
obtained from (21) and (22) are shown in Fig. 2(a), where
Nt = 4, C = 8 bps/Hz and edge SNR= 0 dB. We can see that
the mode selection finally leads to two complementary regions
of CoMP-CB and JP modes. When the two users are all located
at the cell edge, CoMP-JP mode is selected. When one of the
users is located at the cell center, CoMP-CB mode is selected.
Note that boundary of the two regions does not mean a single
distance or SINR threshold. Instead, it indicates that the mode
selection results depend on the location of the co-scheduled
two users. In Fig. 2(b), we show the border of CoMP-JP region
and CoMP-CB region under different system parameters. We
can see that as the capacity of backhaul links increases, the
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Fig. 3. Average sum rate comparison when B = 3 and C = 15 bps/Hz.

CoMP-JP region becomes larger. The higher edge SNR leads
to a larger CoMP-CB region, and more antennas at each BS
leads to a larger JP region. Orthogonal user scheduling leads
to smaller CoMP-JP region compared with the random user
scheduling.

In Fig. 3, we consider a three BSs cooperation scenario
and compare the average sum rate of different systems when
the capacity of each backhaul link is set as 15 bps/Hz. The
simulation results are obtained from 10000 independent drops
of users, each of which has 1000 time slots with independent
Rayleigh fading. The performance of purely CoMP-JP trans-
mission outperforms that of purely CoMP-CB transmission
in the low edge-SNR regime. The single CoMP-CB mode
outperforms the single CoMP-JP mode in high edge-SNR
regime, since the average sum rate of CoMP-JP is strictly
restricted by the limited backhaul capacity. By selecting trans-
mission modes between CoMP-CB and CoMP-JP, the system
performance approaches to that of CoMP-JP at low edge SNR
and approaches to that of CoMP-CB at high edge SNR. The
proposed mode selection scheme outperforms both the single
CoMP-CB mode and the single CoMP-JP mode at the medium
edge SNRs.

In Fig. 4, we again consider the three BSs cooperation
scenario and compare the average sum rate of different systems
versus backhaul capacity constraints vias simulations, where
the edge SNR is set to 0 dB. As expected, the performance
of CoMP-JP outperforms CoMP-CB at high backhaul capac-
ity region, while CoMP-CB outperforms CoMP JP at low
backhaul capacity region. By selecting transmission modes
between CoMP-CB and JP, the performance approaches to that
of CoMP-JP at high backhaul capacity region and approaches
to that of CoMP-CB at low backhaul capacity region.

To show the impact of the backhaul constraint imposed on
the average per-user rate shown in (15) and (16), we compare
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Fig. 4. Average sum rate comparison when B = 3 and edge SNR is 0 dB.

the proposed semi-dynamic mode selection scheme with that
of a dynamic mode selection (the dash lines in Fig. 3 and
Fig. 4) where the transmission mode is selected based on
instantaneous channels, i.e., the performance metric is the
instantaneous sum rate. The results show that the performance
gap between the semi-dynamic and dynamic mode selection
is minor. This indicates that the proposed semi-dynamic mode
selection method can reduce the required signaling and control
overhead, while providing nearly the same performance as
dynamic mode selection. We also evaluate the tightness of
the Jensen’s inequity used to obtain (7) and (8), which results
almost overlap with those with legend “CB transmission” and
“JP transmission”.

V. CONCLUSION

In this paper, a transmission mode selection method between
CoMP-CB and CoMP-JP transmission was proposed under
limited-capacity backhaul. We developed a closed-form deci-
sion rule for mode selection, which depends on the backhaul
capacity, system configurations, noise power, as well as user
scheduling. The proposed transmission mode selection method
only requires the large-scale fading gains of local channels,
which can operate in a semi-dynamic manner and require
little signalling overhead. Simulation results confirm that the
proposed method outperforms both the single CoMP-CB mode
and single CoMP-JP mode transmission.
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