
Robust Multiuser Precoder for Base Station
Cooperative Transmission with Non-ideal Channel

Reciprocity
Shengqian Han, Liyan Su, Chenyang Yang

Beihang University, Beijing, China
Email: sqhan@ee.buaa.edu.cn, bxsuliyan@126.com

cyyang@buaa.edu.cn

Gang Wang, Ming Lei

NEC Laboratories, China
Email: wang gang@nec.cn, lei ming@nec.cn

Abstract—In this paper we present a method to alleviate the
performance degradation led by non-ideal channel reciprocity
in TDD downlink base station (BS) cooperative transmission
systems, which comes from imperfect antenna calibration among
BSs. By exploiting the statistics of the ambiguity factors between
uplink and downlink channels, a robust multiuser precoder is
proposed aimed at maximizing the lower bound of the average
signal-to-leakage-plus-noise ratio (SLNR). The precoder is able
to adaptively control the cooperation level among the coordinated
BSs according to the antenna calibration accuracy among BSs.
Simulation results demonstrate an evident performance gain of
the proposed robust precoder over the non-robust precoder.

I. INTRODUCTION

Inter-cell interference is one of the major bottlenecks to
improve spectral efficiency in future cellular networks. Except
for various interference mitigation techniques, recently a con-
cept of base station (BS) cooperative transmission, also known
as coordinated multi-point transmission (CoMP), has attracted
much attention [1–4]. A typical centralized CoMP system
consists of a control unit (CU) and multiple BSs connected to
the CU via low-latency backhaul links. When the channel state
information (CSI) from all users to all BSs can be gathered
in the CU, CoMP with multi-user precoding can achieve the
sum capacity of the system with a ’super’ BS [1].

It is widely recognized that time division duplex (TDD) is
more applicable for CoMP systems than frequency division
duplex (FDD), because the latter needs prohibitive feedback
overhead for providing CSI at the transmitter. In TDD systems,
the downlink channels are obtained by the BS via estimating
the uplink channels exploiting the channel reciprocity. How-
ever, the uplink and downlink channels are only reciprocal for
propagation channels, which is invalid in practical systems
due to the mismatch of radio frequency (RF) chains used
in reception and transmission for antennas [5–7]. This will
severely degrade the performance of CoMP systems [8].

To exploit channel reciprocity, antenna calibration is often
used to compensate the mismatch of RF chains [9]. Self cali-
bration is a popular antenna calibration method used in single-
cell systems [5,10], which adjusts all antennas to achieve the
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same RF analog gain as that of a reference antenna, and hence
ensures a constant scalar ambiguity between the uplink and
downlink channels for all antennas. Such a scalar ambiguity
does not affect the performance of single-cell single-user (SU)
systems [8]. Yet as will be explained in next section, self
calibration among BSs is hard to implement in CoMP systems.
This leads to multiple ambiguity factors between the uplink
and downlink channels at different coordinated BSs, unless
precise reference antennas are used at different BSs to achieve
identical RF analog gain, which is of high cost in practice.
Over-the-air calibration is another method applied in single-
cell systems [11], which can be extended straightforwardly to
CoMP systems. However, its performance is highly dependent
on the performance of channel estimation [6]. Since channel
estimation is challenging in CoMP systems, its calibration
performance is not acceptable.

In this paper we strive for improving the performance of
CoMP systems with imperfect uplink-downlink reciprocity.
Instead of developing advanced antenna calibration methods,
we put emphasis on designing a robust multiuser precoder
against the ambiguity between uplink and downlink channels.

We assume that the statistics of the ambiguity factors
are available, which depend on the analog devices used in
RF chains. Based on these statistics, we propose a robust
multiuser precoder aimed at maximizing the lower bound
of the average signal-to-leakage-plus-noise ratio (SLNR) of
each user. The realistic per-BS power constraints (PBPC)
are considered, which are justified by the fact that power
sharing among spatially distributed BSs is impossible. We also
examine the impact of the proposed robust precoder on the
accuracy requirement of the reference antenna used in self
calibration. Compared with the non-robust SLNR precoder
[12] that simply regards the estimated uplink channels as the
downlink channels, simulation results show that the proposed
robust precoder provides an evident performance gain.

II. ANTENNA CALIBRATION AND SYSTEM MODEL

A. Antenna Self Calibration

We first consider a single-cell SU TDD systems as shown
in Fig. 1, where each antenna is equipped with a high power
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amplifier (HPA) in the transmitter circuit and a low noise
amplifier (LNA) in the receiver circuit.

Define SB
j and Y B

j as the transmit and receive analog gain
of the jth antenna at the BS, and SU

i and Y U
i as the transmit

and receive analog gain of the ith antenna at the user. Then
the equivalent uplink channel hU

ij and downlink channel hD
ij

between the basebands at user’s ith antenna and at the BS’s
jth antenna are expressed as [6]

hU
ij = SU

i cU
ijY

B
j , (1)

hD
ij = SB

j cD
ijY

U
i , (2)

where cU
ij and cD

ij are the uplink and downlink propagation
channels between the antenna pair, which are reciprocal ac-
cording to electromagnetic theory.

Define γB
i = SB

i /Y B
i and γU

i = SU
i /Y U

i , then from (1)
and (2) we have

hD
ij =

γB
j

γU
i

hU
ij . (3)

We can see from (3) that there exists an ambiguity factor
gij = γB

j /γU
i between the equivalent uplink and downlink

channels of the antenna pair. Since all antennas at both the BS
and the user have different RF chains, the ambiguity factors
of different pair of uplink and downlink channels differ, which
destroys the reciprocity of the equivalent channels.

To exploit the channel reciprocity in TDD systems, antenna
calibration is necessary. Self calibration is a popular antenna
calibration method used in single-cell systems, which operates
as follows [5, 10]. One of the antennas at the BS is used as
a reference antenna, say the first antenna, which transmits a
test signal to the second antenna over the propagation channel.
Then the second antenna transmits the same test signal to the
first antenna. Based on the received signals at the first and the
second antenna of the BS, an appropriate calibration parameter
can be obtained then the second antenna is calibrated, which
leads to the same ambiguity factor for the two antennas. By
performing the same procedure to other antennas, a constant
scalar ambiguity factor exists for all antennas, which does not
affect the performance of single-cell SU systems [8].

The self calibration is readily to implement when the
antennas are co-located. To calibrate the antennas located
in different BSs in the same way, time and frequency do-
main synchronization among BSs is required and information
sharing protocol needs to be defined, which is infeasible at
least in the near future. On the other hand, when the self
calibration is performed at individual BS, the ambiguity factors
between multiple coordinated BSs differ. This leads to severe
performance loss for CoMP systems, which will be shown by
simulations later.

B. Calibration Error Model

We next consider the model of the ambiguity factors, which
will be used for robust precoder design in CoMP systems.

As have been mentioned before, self calibration within
each BS results in different ambiguity factors at multiple
coordinated BSs, which are called port error and denoted

Fig. 1. Antenna calibration model in TDD systems.

as g
(1)
ij in the context. Theoretically, the ambiguity factors

of all antennas in the same BS should be identical after
self calibration, which, however, are actually time-varying
since the analog gain of RF chains varies with temperature,
humidity, etc.. We call the time-varying ambiguity as residual
error and denote it as g

(2)
ij . Then we can express the ambiguity

factors as

gij = g
(1)
ij g

(2)
ij , (4)

where g
(1)
ij and g

(2)
ij are independent from each other, and both

are usually modeled as random variables with log-uniformly
distributed amplitudes and uniformly distributed phases [5].

C. CoMP System Model

Consider a CoMP system consisting of Nc coordinated BSs
and Nu uniformly distributed users. Each BS is equipped with
Nt antennas and each user has one antenna.

Define hD,i = [hD
i1, . . . ,h

D
iNc

] ∈ C
1×NcNt as the downlink

equivalent channels of the ith user, where hD
im ∈ C

1×Nt is the
downlink equivalent channel vector from the mth BS to the
ith user. When linear precoding is used, the signal received
by the ith user is

yi = hD,i

Nu∑
j=1

wH
j xj + zi, (5)

where x = [x1, . . . , xNu
] ∈ C

1×Nu is the data symbols for all
users, which entries are assumed as independent and identi-
cally distributed (i.i.d.) Gaussian random variables with zero
mean and unit variance, zi is the additive white Gaussian noise
with zero mean and variance σ2, wj = [wj1, . . . ,wjNc

] ∈
C

1×NcNt is the precoding vector at the CU for the jth user
with wjm ∈ C

1×Nt representing the precoder vector at
the mth BS, and the precoder for all users at the mth BS
can be expressed as Wm = [wH

1m, . . . ,wH
Num] ∈ C

Nt×Nu ,
m = 1, . . . , Nc.
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Denote the uplink equivalent channels of the ith user as
hU,i = [hU

i1, . . . ,h
U
iNc

], where hU
im is the uplink equivalent

channel from the ith user to the mth BS. Then from (3) the
relationship between uplink and downlink equivalent channels
is expressed as

hD,i = giHU,i, (6)

where HU,i = diag{hU,i}, diag{a} represents a diagonal
matrix with the elements of a vector a, gi = [gi1, . . . ,giNc

],
gim =

[
gikm1 , . . . , gikmNt

]
represents the ambiguity factors

between uplink and downlink equivalent channels with respect
to the mth BS, kmn = (m − 1)Nt + n, m = 1, . . . , Nc, and
n = 1, . . . , Nt.

After the antenna self calibration within each BS, the port
errors of the elements of gim have the same value, which can
be written as

gim = g
(1)
im

[
g
(2)
ikm1

, . . . , g
(2)
ikmNt

]
� g

(1)
img(2)

im . (7)

III. MULTIUSER ROBUST PRECODER DESIGN

With the knowledge of the statistics of the ambiguity factors
between uplink and downlink equivalent channels, in this
section we design a robust multiuser precoder subject to PBPC.
We assume perfect uplink CSI at the coordinated BSs, i.e.,
hU,i is known for i = 1, . . . , Nu. Due to the existence of the
ambiguity factor vector gi, the downlink equivalent channels
hD,i are not the same as hU,i for i = 1, . . . , Nu.

A. Multiuser Robust Precoder

The signal-to-interference-plus-noise ratio (SINR) at the ith
user can be obtained from (5) as

SINRi =
wihH

D,ihD,iwH
i

σ2 +
∑

j �=i wjhH
D,ihD,iwH

j

. (8)

It is desirable to maximize the average SINR for designing
a robust precoder which is connected to maximize the sum
rate. However, the coupled precoder vectors for multiple users
in the expression of SINR make the problem intractable.
Alternatively, we can use the SLNR based multiuser precoder
[12], where the precoder vectors for users are decoupled.

Following the definition in [12], the ith user’s SLNR is,

SLNRi =
wihH

D,ihD,iwH
i

σ2 +
∑

j �=i wihH
D,jhD,jwH

i

. (9)

Then given the statistics of the ambiguity factors, the problem
of robust multiuser precoder design aimed at maximizing the
average SLNR can be formulated as

max
wi

E {SLNRi} , i = 1, . . . , Nu, (10a)

s.t. Tr
(
WmWH

m

) ≤ P0, m = 1, . . . , Nc, (10b)

where E{·} denotes the expectation operator and is taken
with respect to hD,i. Considering (6) and the fact that hU,i

is known, it is actually averaged over gi. (10b) reflects the
PBPC, P0 is the maximal transmit power of each BS, and
Tr(·) denotes the matrix trace.

We can find that precoder vectors of multiple users are
still coupled in (10) due to the PBPC, although using the
criterion of average SLNR is able to decouple them in the
objective function of (10a). To obtain an explicit precoder, we
try to find a suboptimal solution of the original optimization
problem shown in (10) in the sequel. To this end, we first find
a precoder that maximizes the average SLNR subject to per-
user power constraints (PUPC) [2] that decouples the precoder
vectors, then employ the equal power allocation [1] to make
the PBPC satisfied.

However, the problem is still hard since the average SLNR
has no explicit expression. Instead, we consider its lower
bound based on Jensen’s inequality as

E {SLNRi} ≥ wiE
{
hH

D,ihD,i

}
wH

i

σ2 +
∑

j �=i wiE

{
hH

D,jhD,j

}
wH

i

. (11)

Substituting (6) into (11), the optimization problem that
maximizes the lower bound of average SLNR subject to PUPC
can be written as

max
wi

wiHH
U,iE

{
gH

i gi

}
HU,iwH

i

σ2 +
∑

j �=i wiHH
U,jE

{
gH

j gj

}
HU,jwH

i

, (12a)

s.t. wiwH
i ≤ NcP0/Nu, (12b)

where (12b) reflects the PUPC.
Define vi =

√
Nu/(NcP0)wi, then (12) turns into a

generalized Rayleigh quotient problem with respect to vi

for i = 1, . . . , Nu. The optimum vopt,i is the eigenvector
corresponding to the largest eigenvalue of the matrix

(Nuσ2/(NcP0)I +
∑
j �=i

Ωj)−1Ωi, (13)

where Ωi = HH
U,iE

{
gH

i gi

}
HU,i [12]. Hence, the optimal

wopt,i is obtained as

wopt,i =
√

NcP0/Nuvopt,i. (14)

Since only PUPC are considered, the obtained precoder
wopt,i may not satisfy the PBPC. We can ensure the PBPC
by employing the equal power allocation given in [1] as

wi =
√

pwopt,i, (15)

where p is the power equally allocated to all users, which
ensures (10b) satisfied. Let wopt,i = [wopt,i1, . . . ,wopt,iNc

]
for i = 1, . . . , Nu, then it is not hard to find that

p =
P0

max
m=1,...,Nc

Tr
(
Wopt,mWH

opt,m

) (16)

with Wopt,m = [wH
opt,1m, . . . ,wH

opt,Num].

B. Discussions

To gain some insight into the problem, we consider the form
of the proposed robust multiuser precoder in two specific cases
as follows.

If the antenna self calibration among antennas both within
each BS and between BSs is perfect, the ambiguity factors
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gikmn
= 1 for i = 1, . . . , Nu, m = 1, . . . , Nc and n =

1, . . . , Nt. Then it is easy to see that Ωi = hH
U,ihU,i, and

hence the precoder vector becomes

wi =
√

pNcP0

Nu

hU,i(Nuσ2/(NcP0) +
∑

j �=i h
H
U,jhU,j)−1

‖hU,i(Nuσ2/(NcP0) +
∑

j �=i h
H
U,jhU,j)−1‖ ,

(17)
where ‖ · ‖ denotes the 2-norm.

In this case, the CoMP system can be regarded as a single-
cell system with a ”super” BS, and the proposed robust
precoder reduces to the traditional SLNR precoder [12] except
for the additional power allocation under the PBPC.

If the antenna self calibration is only conducted within each
BS and the phase of port error g

(1)
im is assumed to be i.i.d.

and uniformly distributed between [−180◦, 180◦], then we can
show that only one wim included in the ith user’s precoder
vector wi is nonzero in the following.

Based on the model of ambiguity factors in (7), we have
E{gH

imgim} = E{|g(1)
im |2}E{g(2)H

im g(2)
im} and E{gH

imgin} = 0
for m �= n, where the uniform distribution of the phase of
g
(1)
im is used. Therefore, E{gH

i gi} is a block diagonal matrix,
i.e., E{gH

i gi} = diag{E{gH
i1gi1}, . . . , E{gH

iNc
giNc

}}.
Considering that HU,i is a diagonal matrix, both Ωi and

(Nuσ2/(NcP0)+
∑

j �=i Ωj)−1Ωi are block diagonal matrices.
It is easy to find that the eigenmatrix of a block diagonal
matrix is also block diagonal, thus vopt,i is a row of the
eigenmatrix. Then from (15) we know that wi includes only
one nonzero vector wim.

This implies that each user is served by only one BS, but
each BS may serve multiple users in multiple cells. In this
case, the proposed robust multiuser precoder acts like BS
selection. Nonetheless, the precoder exploits the channels of
users in other cells to avoid the interference to them. Each BS
does not independently use the maximal ratio transmission
[13], which is optimal for single-user scenario. Therefore, the
CoMP transmission is not the traditional macro diversity.

When the antenna self calibration among antennas performs
beyond these two cases, the proposed robust multiuser pre-
coder can adaptively control the cooperation level among the
coordinated BSs according to the statistics of the ambiguity
factors which are able to be known a priori.

IV. SIMULATION RESULTS

In this section we evaluate the performance of the proposed
robust multiuser precoder via simulations by comparing it with
the case of perfect antenna calibration, and the non-robust
SLNR precoder [12] for both CoMP systems and non-CoMP
systems. In non-CoMP systems, the user is only served by
its master BS (the BS that provides the maximum received
power), where the inter-cell interference exists. The simulation
setup is based on [14]. In particular, we consider a CoMP
system consisting of 3 coordinated cells as shown in Fig. 2.
The BS-to-BS distance is 500 m, and the channel bandwidth
is 10 MHz. The BSs transmit with a maximal power of 40 W,
and the users have a receiver noise figure of 9 dB. The path
loss exponent is 3.76, the average power loss at the reference

Fig. 2. Network layout for simulation: a cooperative cluster consisting of 3
coordinated BSs connected to the CU via low-latency backhaul.

Fig. 3. The CDF of the throughput achieved by each individual user with
defferent multiuser precoders, Nt = 4 and Nt = 8.

distance of 1 m is 36.3 dB, and the minimum distance between
user and BS is 35 m. The users are uniformly distributed in 3
cooperative cells. For each drop of users, the Rayleigh fading
channels consisting of i.i.d. complex Gaussian variables with
zero mean and unit variance are assumed. All the results are
averaged over 100 drops.

We assume that the port errors g
(1)
im of different BSs are

independent. Their amplitudes are modeled as a log-uniformly
distributed variable within [-3,3] dB, and their phases are mod-
eled as a uniformly distributed variable within [−180◦, 180◦]
[5]. The residual errors g

(2)
ikmn

are assumed to be independent
for all antennas in coordinated BSs. Their amplitudes are
modeled as a log-uniformly distributed variable within [-1,1]
dB, and their phases are modeled as a uniformly distributed
variable within[−10◦, 10◦] [9].

Figure 3 shows the cumulative distribution function (CDF)
of user throughput of the considered four scenarios. 4 or 8
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antennas at each BS are used, and 3 users located in different
cells are served. Compared with the non-CoMP systems,
the CoMP systems do not always perform better, which
depends on the accuracy of the reciprocity between uplink
and downlink channels. When perfect antenna calibration is
assumed, the cooperation of multiple BSs can effectively
eliminate inter-cell interference, and significantly improve the
system performance. Yet, with imperfect antenna calibration
and the traditional non-robust SLNR precoder that naively
regards the uplink channels as the downlink channels, the
performance of CoMP systems is even inferior to that of non-
CoMP systems. By using the proposed robust precoder, an
evident performance gain can be observed over the non-robust
SLNR precoder for both CoMP and non-CoMP systems, where
both the cell-average throughput and the cell-edge throughput1

are significantly improved, which are the common metrics for
performance evaluation of CoMP systems.

Comparing the CDF of the user throughput of the systems
with 4 and 8 antennas at the BS, we find that the performance
gain of the proposed robust precoder over the non-robust
SLNR precoder increases with the growth of the number of
antennas. This is because the proposed robust precoder is able
to make better use of the more spatial degree of freedom to
combat the interference than the non-robust SLNR precoder.

To examine the impact of using the proposed precoder
on the accuracy requirement of the reference antenna used
in self calibration, we assume that the phases of port errors
are uniformly distributed within [−θ, θ]. Fig. 4 plots the cell-
average throughput of the proposed robust precoder and the
non-robust SLNR precoder as a function of θ. It can be
seen that to achieve 80% of the cell-average throughput of a
CoMP system with perfect antenna calibration, the non-robust
SLNR precoder requires θ to be less than 20◦, whereas the
proposed robust precoder allows θ to be less than 75◦. This
means that a much lower accuracy is required for the reference
antenna when using the proposed robust precoder. It suggests
that simple self calibration within each BS using a less
accurate reference antenna is sufficient for antenna calibration
in CoMP systems when the proposed robust precoder is used.
This is very attractive since the manufacture of high-accuracy
antennas is hard and of high cost.

V. CONCLUSION

In this paper we considered the non-ideal channel reci-
procity in TDD CoMP systems led by imperfect antenna
calibration. To alleviate the performance degradation due to
the loss of channel reciprocity, we proposed a robust multiuser
precoder aimed at maximizing the lower bound of each user’s
average SLNR subject to PBPC. Simulation results show that
the proposed robust precoder can significantly improve the
performance of CoMP systems compared with the non-robust
SLNR precoder. We also show that the self calibration within
each BS using a relatively low accurate reference antenna is

1The cell-edge throughput is defined as the 5% point of the CDF of the
user spectral efficiency. In the simulations, the user capacity is obtained via
the Shannon capacity formula.

Fig. 4. The influence of different multiuser precoders on the accuracy
requirements of the reference antenna for self calibration with each BS,
Nt = 2.

sufficient for retrieving the reciprocity in CoMP systems when
the proposed robust precoder is applied.

REFERENCES

[1] M. K. Karakayali, G. J. Foschini, and R. A. Valenzuela, “Network
coordination for spectrally efficient communications in cellular systems,”
IEEE Wireless Commun. Mag., vol. 13, pp. 56–61, Aug. 2006.

[2] H. Zhang, N. B. Mehta, A. F. Molisch, J. Zhang, and H. Dai, “Asyn-
chronous interference mitigation in cooperative base station systems,”
IEEE Trans. Wireless Commun., vol. 7, pp. 155–165, Jan. 2008.
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