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Abstract—Although recent studies have shown the potential
benefits of base station (BS) cooperation technology, existing
schemes rely on the assumptions of (i) perfect backbone links
between the central network controller (CNC) and the base
stations (BSs), and (ii) mobile stations (MSs) at the cell edges.
The contribution of this paper is twofold. The authors first
relax the aforementioned assumptions and present an in-depth
investigation of their impact on the performance of conventional
and BS cooperation transmission techniques. A hybrid signalling
algorithm for cellular multiple-input multiple-output (MIMO)
networks that performs well under such non-ideal scenarios is
then presented. The proposed algorithm outperforms the joint
transmitter minimum mean squared error (JT-MMSE) method
at low to moderate signal-to-noise ratios (SNRs). It is also shown
to be more robust to imperfect channel estimates than the JTMMSE method.

I. INTRODUCTION
Spatial multiplexing cooperative base station (BS) systems,
in which neighboring base stations (BSs) are connected to
form a virtual multiple-input multiple-output (MIMO) array,
have been recently shown to significantly increase the spectrum efficiency of the downlink cellular MIMO network [1].
The main idea is to let BSs collaboratively and simultaneously
transmit data streams to multiple mobile stations (MSs). If
each BS has perfect knowledge of all data and channel state
information at transmitters (CSIT) (i.e., perfect cooperation),
then significant capacity and spatial diversity gains can be
obtained by appropriately designing the transmit precoding
matrices. Under perfect cooperation, the multi-cell MIMO
downlink can be modeled as the classical MIMO broadcast
channel (MIMO-BC) with per-base power constraints. The
optimal dirty-paper coding (DPC), with a pooled power constraint can then be used across BSs in a straightforward
manner [2].
The concept of BS coordination was first studied in [3] in
the context of single antenna transmitters and receivers in each
cell. In [3], the authors present a relatively simple application
of DPC called linear pre-processing dirty paper (LP-DP). The
latter is shown to be asymptotically optimal at high signalto-noise ratios (SNRs). The case of BS cooperation in the
multi-cell MIMO downlink is treated in [4]. The maximum
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achievable common rate in downlink multi-cell coordinated
networks, with zero forcing (ZF) and DPC is studied in [5],
[6].
In all the above references, perfect and global CSIT is
assumed. In practice, there are limitations in terms of global
and perfect CSIT and capacity of all the links. The impact
of limited capacity backbone links has been recently treated
in [7]. Precoding strategies that exploit only local CSIT
have been also recently addressed in [8]. Another important
issues are (i) the impact of channel estimation errors and
MSs locations on the performance of conventional and BS
cooperation techniques, and (ii) efficient design strategies that
perform well under such non-ideal scenarios. To the best of
the authors’ knowledge, these issues have not been explicitly
addressed previously.
The above observations motivate investigation of the influence of imperfect channel knowledge (i.e., MS-BS or equivalently CNC-BS links) and MSs locations on the aggregate sum
rate capacity of both conventional single cell signalling and BS
cooperation schemes. We further propose a hybrid signalling
algorithm for cellular MIMO networks that outperforms the
joint transmitter, in terms of mean squared error (JT-MMSE),
and conventional methods at low-to-moderate and high SNRs,
respectively. Moreover, the proposed algorithm is shown to be
more robust to imperfect channel estimates than the JT-MMSE
approach.
The rest of the paper is organized as follows. In Section II,
we set up the system model and present the theory. An indepth investigation into the influence of imperfect channel
knowledge and MSs locations is presented in Section III. The
hybrid signalling algorithm is also described in Section III.
II. SYSTEM MODEL AND THEORY
We consider the downlink of a TDMA/FDMA cellular
network that consists of hexagonal cell patterns. We denote
by r the radius of each cell which is assumed to be identical
for all cells. There are B co-channel adjacent BSs connected
to a CNC via high speed Ethernet backbone links, and K
co-channel MSs each equipped with Nt and Nr antennas,
respectively. Each cell is loaded with at most one MS for each
orthogonal dimension, and partitioned into three 120◦ sectors.
MSs are uniformly distributed in the three interfering sectors
as depicted in Fig. 1 for B = 3.
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E [·] stands for expectation, tr (·) denotes trace, and (·) refers
to Hermitian transpose.
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Let xj , of size Nt ×1, be the signal transmit vector for base
station BSj with 1 ≤ j ≤ B. The mobile radio propagation
channel model is assumed to be narrowband with frequencyflat block fading such that it remains constant within a given
frame of data but varies independently from frame to frame
(i.e., low mobility environment). The baseband equivalent of
the Nt -dimensional transmitted signal vector, once observed
at MSk , can be expressed as
yk =

B


cjk Hjk xj + nk , for 1 ≤ k ≤ K,

where the Nr × BNt aggregate propagation channel matrix
Hk = [c1k H1k , c2k H2k , . . . , cBk HBk ], the BNt × Nr matrix

 H
H
H H
, W2k
, . . . , WBk
, and k̄ denotes the value
Wk = W1k
not being k. The aim of BS cooperation is to properly design
the BS precoding matrices {Wk , 1 ≤ k ≤ K} to eliminate
the interfering signals in (3). The optimal DPC and LP-DP
algorithms are very complex and serve only as theoretical
upper bounds. From this fact stems the necessity to design
more practical schemes with per-base power constraints [4],
[9]:
1) Joint transmitter ZF (JT-ZF)
H
WT = HH
T HT HT

where yk is the Nr × 1 corresponding received vector at MSk ,
Hjk is the Nr × Nt channel impulse response matrix of the
is assumed to experience long
link from BSj to MS
 k ,which

1
term fading cjk = α dγ with α a propagation constant,

WT = HH
T

Here, each BS has essentially complete knowledge of all
data symbols intended for all MSs and CSI (i.e., all Hjk
in (1)). This will enable joint transmitter precoding.
The signal transmitted by BSj can then be written as
xj =

K


Wjk sk , for 1 ≤ j ≤ B,

(2)

k=1

where Wjk is the Nt × Nr transmit linear precoding matrix
of MSk from BSj and sk is the data symbol vector intended
for MSk . To maximize the per-user information rate, we use
a Gaussian codebook with normalized transmit power for
the data symbol vector intended for MSk [4], i.e., sk ∈
constraint
CN (0, INr ). BSj is subject to a transmit power



K
H
≤ Pj , where
of Pj , i.e., E xj 2 = k=1 tr Wjk Wjk

(4)

HT HH
T +

N0
I
PT

−1

,

(5)

B
where PT = j=1 Pj .
3) Joint transmitter null-space decomposition (JT-decomp)

jk

A. BS Cooperation: Joint Precoding

,

where the BNt × KNr WT = [W1 , . . . , WK ], and


H H
is of size KNr × BNt . Note
HT = HH
1 , . . . , HK
that Wk and Hk are defined in (3).
2) Joint transmitter MMSE (JT-MMSE)

(1)

j=1

djk the distance between BSj and MSk , and γ the path loss
exponent. The Nr × 1 noise vector nk is assumed to be
white and complex Gaussian with covariance matrix N0 INr ,
where INr is the identity matrix of dimension Nr . In the
following, we introduce both conventional and BS cooperation
transmission techniques.

−1

Wk = Vk̄ Vk ,

(6)

where Vk̄ consists of the right singular vectors
corresponding to the null space of (HT )k̄ =
 H

H
H H
H1 , . . . , HH
, and Vk contains
k−1 , Hk+1 , . . . , HK
the first Nr right singular vectors of the virtual channel
Hk = Hk Vk̄ . The JT-decomp method is more complex
than each of JT-ZF and JT-MMSE methods [4].
Based on (3), the instantaneous transmission rate at the MSk
with the above suboptimal linear transmission algorithms is


H H
Rklinear-coop = log2 det INr + Φ−1
(7)
k Hk Wk Wk Hk ,
K
where Φk = (N0 INr + Hk ( k̄=1 Wk̄ Wk̄H )HH
k ), and det (·)
stands for determinant.

k̄=k

B. Non-Cooperation: Single Cell Precoding
Here BSs do not share CSI and data symbols, and as a
result, no joint precoding is done at the transmitters. For ease
of presentation and due to the fact that communication is
restricted to only one active pair in each cell, we let BSk
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Fig. 2. CDF of the sum rate capacity at SNR = 20 dB of a [(3, 2) , (3, 2)]
system using conventional and BS cooperation schemes with various CSI error
settings. (1) TDMA (Solid line with plus-sign markers); (2) JT-ZF (Dotted
line); (3) convLB (Solid line); (4) JT-MMSE (Dashed line); (5) JT-decomp
(Dash-dot line); (6) convUB (Solid line with point markers); (7) LP-DP (Solid
line with cross markers).

(instead of BSj ) denote the serving BS of MSk . The signal
transmitted by BSk to MSk can then be written as
xk = Wkk sk , for 1 ≤ k ≤ K,

(8)

where Wkk is the precoding
matrix
for MSk (see Eq. (2)). A


H
≤ Pk holds
power constraint of E xk 2 = tr Wkk Wkk
at each BS. Based on (8), Eq. (1) can be rewritten as
yk = ckk Hkk Wkk sk +

K


ck̄k Hk̄k Wk̄k̄ sk̄ + nk ,

(9)
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Fig. 3. Average sum rate of a [(3, 2) , (3, 2)] system using conventional and
cooperation schemes with various MSs position settings.

Nr receive antennas) is referred to as an [(B, Nt ) , (K, Nr )]
system. Henceforth, we consider: (i) [(3, 2) , (3, 2)] system;
(ii) cell radius is set to r = 1000m; (iii) path loss coefficient
is γ = 3; Without loss of generality, the channel path loss
values are normalized with respect to the largest in-cell path
loss value [11]; (iv) Rayleigh fading model; (v) all BSs have
power of unity; (vi) the power allocation algorithms in [4] are
adopted; (vii) channel estimation errors are modeled as zeromean complex
 2  Gaussian random variables with covariance

INr , where  ∈ [0, 1] is the mean square error
matrix 1−
2
of the channel estimation [12], [13]; and (viii) the propagation
constant, α = 1.35 × 107 [4], [14].
A. Impact of Channel Estimation Errors

with 1 ≤ k ≤ K, Hkk of size Nr × Nt denote the baseband
channel between BSk and MSk . Wkk can be determined by
eigen-beamfroming and water-filling power allocation on each
data stream to each MS [10]. Assuming single user detection,
a lower bound for the instantaneous transmission rate at MSk
is

c2
H
HH
Rk conv-LB = log2 det INr + kk Hkk Wkk Wkk
kk , (10)
Φk
K 2
where Φk = N0 +
k̄=1 ck̄k Pk̄ . The instantaneous
k̄=k

interference-free (i.e., upper bound) transmission rate is

c2
H
Rk conv-UB = log2 det INr + kk Hkk Wkk Wkk
HH
kk . (11)
N0
III. R ESULTS AND HYBRID SIGNALLING ALGORITHM
In Section II, we have introduced conventional and BS cooperation techniques. The effects of imperfect channel estimation
and MSs positions on their performance are now investigated.
Performance results are reported in terms of average sum rate
capacity versus SNR in dB. In the following, a system with B
BSs (each with Nt transmit antennas) and K MSs (each with

The influence of channel estimation errors on the system
sum rate capacity with conventional and BS cooperation
algorithms is exhibited in Fig. 2. We plot the cumulative distribution function (CDF) of sum rate capacity with SNR = 20
dB. As theoretical reference points, LP-DP and the upper
bound (11) are also evaluated. To focus on the impact of
channel estimation errors, we assume that MSs are uniformly
distributed inside the three interfering sectors. Three CSI
error settings are considered: (i)  = 0 (error free case); (ii)
 = 0.05; and (iii)  = 0.1. In the following, we consider
10% outage capacity. With  = 0%, 9.4 bits/s/Hz can be
transmitted with both conventional and JT-MMSE, whereas
JT-ZF achieves only 5.8 bits/s/Hz. For  = 10%, 8.7 bits/s/Hz
can be transmitted with the conventional scheme, whereas 5.6
and 3 bits/s/Hz can be transmitted with JT-MMSE and JT-ZF,
respectively. These observations verify in part the robustness
of the conventional scheme to channel estimation errors. This
is because, in contrast to the conventional technique, erroneous
CSI in the case of linear BS cooperation transmissions results
in significant mutual interference. Thus, linear BS cooperation
techniques are expected to be sensitive to channel estimation
errors.
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Fig. 4. Average sum rate of a [(3, 2) , (3, 2)] system using conventional and
BS cooperation techniques with various cell edge MSs position settings.

Fig. 5.
Simple scenario of a [(3, 2) , (3, 2)] system employing hybrid
transmission (multi-mode) technique.

B. Impact of Position of Mobiles
To focus on the impact of MSs positions, perfect CSIT is
assumed. Figs. 3 and 4 illustrate the influence of MSs positions
on the average sum rate system capacity with conventional
and BS cooperation methods. From Fig. 3 and from our other
simulations (not included here), we observe that both conventional and cooperation schemes show gradual improvement as
the distance between MSs and their serving BSs decreases.
However, we stress that the conventional scheme improves
faster than the others and achieves a significant gain. For
instance, at SNR = 30 dB the gain is about 25 bits/s/Hz for
conventional signalling, whereas it is about 8 bits/s/Hz for
each of JT-decomp, JT-MMSE, and JT-ZF. From Fig. 4, it can
be observed that as MSs are located closer to cell edges, BS
cooperation techniques perform better than the conventional
signalling method. At SNR = 30 dB, the gap in gain is about
38 bits/s/Hz in favor of both JT-MMSE and JT-ZF. To sum up,
we note the following: (i) it is wiser to adopt BS cooperation
techniques when MSs are at cell edge; and (ii) linear BS
cooperation techniques achieve their best performance when
MSs are close to their serving BSs. This agrees with intuition
since, in this case, a dominant eigenmode for each user is
present and also interference is reduced (see Eqs. (3) and (7)).
From an information-theoretic point of view, the sum rate
capacity is then higher.
C. Hybrid Signalling Algorithm
We now propose a hybrid signalling algorithm that switches
between three different transmission modes: (i) full noncooperation mode (i.e., conventional), (ii) full linear BS cooperation mode such as JT-MMSE and JT-ZF methods, and (iii)
multi-mode (i.e., cooperation and non-cooperation modes simultaneously) based on received signal strength measurements
and MSs position. All the aforementioned observations lead to
the following algorithm.

1) IF all MSs are randomly located in a limited cell
edge area, i.e., the distance between each MS and its
corresponding in-cell BS is > 0.6 r with r the cell radius
→ linear BS cooperation techniques are employed for
all MSs.
2) ELSE
a) indicesconv. = [ ]; indicescoop. = [ ].
b) LOOP over k ∈ {1, 2, . . . , K}
i) Compute

|Hk̄ | =
c1k H1k  , . . . , ck−1,k Hk−1,k  ,

ck+1,k Hk+1,k  , . . . , cBk HBk  .
The vector |Hk̄ | consists of entries that represent magnitude of the channels between the
BSs of neighboring cells and MSk .
ii) IF the difference between ckk Hkk  and the
sum of the entries of |Hk̄ | is high (e.g., >
threshold Ξ), in this case the signal from the incell BS (i.e., ckk Hkk ) does completely dominate the signal from the BSs of neighbouring
cells
→ the conventional approach is adopted for
MSk , i.e., indicesconv. = [indicesconv. k].
iii) ELSE ckk Hkk does not completely dominate
the signal from the BSs of neighbouring cells
→ MSk should operate in cooperation mode,
i.e., indicescoop. = [indicescoop. k].
iv) ENDIF
c) ENDLOOP
d) IF length (indicescoop. ) = = 1
→ reassign the corresponding MSk to the set of
MSs operating in non-cooperative mode of transmissions.
e) ENDIF.
3) ENDIF.
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Fig. 6. Average sum rate of a [(3, 2) , (3, 2)] system using hybrid, JT-MMSE,
JT-ZF, and conventional transmission techniques. Ξ = 1.65, perfect CSI, and
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Fig. 7. Usage rate of modes for a [(3, 2) , (3, 2)] system employing hybrid
signalling transmission. Ξ = 1.65, perfect CSI, and MSs ∈ [1-1000m].

We stress that both conventional and BS cooperation techniques are not optimal in any scenarios. The hybrid algorihtm
builds on this fact to provide different modes of transmission
according to the considered scenario. Positioning and signal
strength measurements can be realized by GPS or wired
backbone which are already available in CDMA2000 and IS95 cellular networks [11], [15].
A possible simple scenario with hybrid signalling transmission is illustrated in Fig. 5. Notice that MS1 is operating in
non-cooperation mode, whereas MS2 and MS3 are operating
in cooperation modes. See Appendix for expressions of the
received signals, observed at each MS, in this scenario. An interesting point for future work includes efficient joint design of
the weight matrices to minimize interference. For instance, the
weight matrices of the non-cooperation mode can be designed
to maximize the so-called signal to generated inteference plus
noise ratio (SGINR) [16].
The performance of the hybrid signalling algorithm is
detailed in Fig. 6. For comparison, JT-MMSE, JT-ZF, and
conventional techniques are also evaluated. We note the following: (i) the hybrid and the conventional algorithms exhibit

similar performance in [0 − 13] dB. At SNR = 11 dB, 11.85
bits/s/Hz can be transmitted with conventional and hybrid
algorithms, whereas the JT-MMSE algorithm achieves only
10.5 bits/s/Hz; (ii) in [0 − 21] and [0 − 23] dB, the hybrid
algorithm outperforms the JT-MMSE and the JT-ZF methods,
respectively; and (iii) with SNR > 23 dB, the hybrid algorithm
is much closer to each of JT-ZF and JT-MMSE methods than
the conventional approach is. At SNR = 30 dB, 37 bits/s/Hz
can be transmitted with JT-MMSE, whereas 32.2 and 21.8
bits/s/Hz can be transmitted with hybrid and conventional
approaches, respectively. Keep in mind that in a realistic
cellular environment the edge SNR is typically around 18
dB [17].
Fig. 7 illustrates the usage rate of each mode for a
[(3, 2) , (3, 2)] system employing hybrid transmission technique. It can be observed that the usage rate of multi and
full cooperation modes are similar with about 43% and 40%
usage over all SNRs, respectively, whereas the rate of usage
of the full non-cooperation mode is about 17% over all SNRs.
Fig. 8 shows the impact of channel estimation errors on
the sum rate capacity of a [(3, 2) , (3, 2)] system using conventional, JT-MMSE, and hybrid signalling approaches with
various CSI error settings. Notice that (i) the conventional
approach is more robust to imperfect channel knowledge than
each of JT-MMSE and hybrid methods. At SNR = 30 dB
and with  = 5%, the capacity loss is about 10 bits/s/Hz
with JT-MMSE algorithm, whereas it is 7 and 2 bits/s/Hz
with hybrid and conventional algorithms, respectively; (ii) the
hybrid signalling algorithm is more robust against channel
estimation errors than the JT-MMSE method. This is mainly
due to the decrease in the usage of JT-MMSE mode when
using hybrid transmission. Keep in mind that the JT-MMSE
method is very sensitive to imperfect channel estimates since
it requires the computation of a matrix inverse to precode.
In other words, this is mainly due to the presence of non-
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cooperation and multi modes (see Fig. 7). (iii) an error floor
exists when  > 5% which increases as  increases; and
(iv) with  = 10%, the hybrid algorithm outperforms the JTMMSE and the conventional methods, where the capacity of
the hybrid algorithm hits an error floor of about 18.6 bits/s/Hz.
IV. SUMMARY AND CONCLUSION
We have investigated the behavior of cellular networks
employing both conventional and BS cooperation techniques,
under non-ideal scenarios. The most important results and
insights are the following: (i) we have shown that BS cooperation techniques achieve significant gain, compared to the
conventional approach, when MSs are limited to cell edge area.
But the conventional scheme performs best when the signal
from one BS dominates the signal from BSs of neighboring
cells; (ii) we have proposed a hybrid signalling algorithm
for cellular mobile networks that performs well under such
non-ideal scenarios; and (iii) we have shown that the conventional method is more robust against channel estimation
errors than each of JT-MMSE, JT-ZF, and hybrid methods.
We have also shown that, in turn, the hybrid algorithm is
more robust to imperfect channel estimates than the JT-MMSE
algorithm. This paper thus provides useful insights into design
of transmission techniques for cellular networks under nonideal scenarios. Future work will include joint efficient design
of weight matrices based on weighted channel gain estimates.
A PPENDIX
We now give the expressions of the baseband received
signals, observed at MSs, when hybrid transmission (multimode) is used as depicted in Fig. 5.
The sampled received baseband signal at MS1 is given by
y1 = c11 H11 x1 + (n1 + c31 H31 x3 + c21 H21 x2 ) ,

(12)

where (c31 H31 x3 + c21 H21 x2 ) is the interference signal from
BS2 and BS3 , x1 = W11 s1 , x2 = (W22 s2 + W23 s3 ), and
x3 = (W33 s3 + W32 s2 ).
The sampled received baseband signal at MS2 can be written
as

 H
H H
y2 = [c22 H22 , c32 H32 ] W22
, W32
s2

 H
H H
+ (n2 + [c22 H22 , c32 H32 ] W23 , W33
s3
+ c12 H12 W11 s1 ),
(13)
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with c12 H12 W11 s1 the interference signal from BS1 .
The sampled received baseband signal at MS3 can be
expressed as

 H
H H
y3 = [c33 H33 , c23 H23 ] W33
, W23
s3

 H
H H
+ n3 + [c33 H33 , c23 H23 ] W32 , W22
s2
+ c13 H13 W11 s1 ),

(14)

where c13 H13 W11 s1 is the interference signal from BS1
observed at MS3 .
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