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Abstract—In this paper, we investigate power-efficient con-
structive interference (CI) exploitation in multi-cell coordination
systems. By only sharing channel state information (CSI) among
the coordinated base stations (BS)s, we propose a CI-based
coordinated beamforming (CBF) scheme to judiciously exploit
multiuser interference as a beneficial element rather than strictly
mitigating it, while simultaneously suppressing inter-cell inter-
ference as a destructive element. Then taking imperfect channel
state information (CSI) into consideration, we minimize the total
transmission power consumption with multiple users’ probabilistic
signal-to-interference-and-noise ratio (SINR) requirements, where
the users’ SINR requirements are guaranteed in a statistical
manner. Finally, under the presence of CSI error, simulation
results demonstrate that the proposed CI-based CBF scheme con-
sumes much lower transmission power compared to the classical
CBF benchmarks, where both intra-cell multi-user and inter-cell
interference need to be strictly cancelled as destructive elements.
Last but not least, the incurred overhead and computational
complexity of the proposed scheme are analytically analyzed,
confirming its practicality as a new dimension on multi-cell
coordination.

Index Terms—Constructive Interference Exploitation, Proba-
bilistic Robust Optimizations, Multi-Cell Coordination.

I. INTRODUCTION

Inter-cell and intra-cell multi-cell interference have long
been considered as the most harmful elements impairing the
system performance [1]. With the upcoming ultra-dense or
heterogeneous networks, the management of the ubiquitous
interference has presented great challenges for researchers.
In the past decades, coordinated multi-point (CoMP) systems
have attracted much attention in academia [2]. By sharing the
channel state information (CSI) and the data to be transmitted,
the coordinated base station (BS)s are transformed into a dis-
tributed multiple-input multiple out-put (MIMO) system, where
inter-cell channels are enabled to carry useful information.
To this end, optimal channel and power allocation schemes
were investigated for CoMP systems in [3]. In [4], cooperative
beamforming among the coordinated BSs was designed for
CoMP systems at downlink, considering the effect of imperfect
CSI. In [5], energy efficiency maximization in CoMP systems
was investigated, where cooperative beamforming was designed
with the consideration of low power consumption. From the
perspective of information theory, CoMP can be considered as
a virtual MIMO system, where BSs exactly act as distributed
antennas for joint transmission. Nevertheless, CoMP incurs

tremendous overhead for multi-cell coordination, and all the
coordinated BSs need to be connected with high-speed and
delay-free back-hauls for global CSI and data sharing, which
may not be always available in practice.

In this spirit, a low overhead multi-cell coordination scheme,
namely coordinated-beamforming (CBF), has been extensively
researched [6]. By CBF scheme, only CSI is required to
be exchanged among the coordinated BSs. Since each BS
is unaware of the transmitted data of adjacent cells, inter-
cell gain in this scenario needs to be strictly mitigated by
the joint beamforming design. Based on the design principle,
[7] and [8] investigated power minimization problems under
users’ SINR requirements. Differently, the authors in [9] and
[10] maximized the overall downlink and uplink throughput
performance, where BS only transmits or decodes the signal
from the users within its cell while treating the inter-cell
interference as harmful noise. In summary, CBF only needs to
share CSI among the coordinated BSs, and hence effectively
reduces the incurred overhead compared to CoMP systems.
By cooperative beamforming design, it strikes a good trade-
off between optimizing the SINR to/from the user within the
cell of interest and suppressing inter-cell interference.

Note that, regardless of CoMP or CBF, multi-user interfer-
ence should be always strictly suppressed. However, based on
the recently introduced constructive interference (CI) exploita-
tion, there is a possibility to utilize multi-user interference as a
source of useful signal. By doing so, less transmission power is
consumed to achieve a target SINR, as multi-user interference
is effectively utilized rather being mitigated. CI was initially
presented in code division multiple access systems [11]. Later
on, CI was investigated in precoding design of multiuser
MIMO systems [12], physical layer security systems [13],
cognitive radio [14], and Internet-of-Things [15]. However,
it is aware that the existing researches on CI only focus on
single-cell design, which may not be trivially extended to CBF
systems. It is because based on the principle of CI, there is
scope to exploit intra-cell multiuser interference as constructive
elements. Nevertheless by CBF, each BS is unaware of the
data transmitted by other adjacent BSs, which makes exploit-
ing inter-cell interference as constructive elements impossible.
Hence, how to judiciously design CI precoding to utilize intra-
cell multiuser interference while simultaneously suppressing



inter-cell interference is still unknown. In addition, the globally
shared CSI may be imperfect or out-of-dated, and thus the
presence of CSI uncertainty makes CI design in CBF more
challenging.

Motivated by the open challenges, we aim to research robust
CI precoding design under imperfect CSI acquisitions, where
intra-cell (multi-user) interference is effectively utilized as a
green source of signal while inter-cell interference is strictly
suppressed. Our contributions are summarized as follows:

1) We first propose a novel CI design for the CBF multi-cell
coordination scenario, which is fundamentally different
from the existing single-cell CI exploitation and the
classical interference avoidance based CBF multi-cell co-
ordination. Explicitly, based on the low overhead of only
sharing CSI, we investigate the geometrical interpretation
of the CI design to fully utilize multi-user interference as
a constructive element while simultaneously suppressing
inter-cell interference.

2) Then, a robust power-efficient CI precoding design is
proposed to minimize total transmit power subject to
users’ probabilistic SINR constraints, under the presence
of CSI uncertainties. Explicitly, multiple users’ SINR
requirements are statistically guaranteed and the prob-
ability of satisfying SINR requirements is maintained to
be higher than a pre-set threshold.

3) Finally, the incurred overhead of the proposed CI-based
coordination scheme is analyzed. It is confirmed that
the proposed design requires the same level of overhead
with conventional CBF schemes, while maintaining the
advantage of utilizing multi-user interference. Also, the
complexity is analytically calculated, demonstrating a
good trade-off between power efficiency performance and
practicality.

Notations: || · ||p denotes the p-norm of a vector. AH , Tr(A)
and Rank(A) represent the Hermitian transpose, trace, and rank
of a matrix A. A � 0 means A is a positive semi-definite
matrix. Superscript < and = denote the real and imaginary
parts of a complex variable, respectively. In denotes an n-by-
n identity matrix.

II. SYSTEM MODEL AND CONSTRUCTIVE INTERFERENCE

In this section, the system model is first introduced, and then
the fundamentals of CI design are presented.

A. System Model

A CBF system at downlink is considered, where NBS BSs
share CSI for multi-cell coordination and there are K users in
each cell. Each BS is equipped with M antennas, while each
user is equipped with single antenna for simplicity. Define Uik

as the k-th user located within the i-th cell, and Γik as the pre-
set SINR requirement of the user Uik. The wireless channel
ranging from the i-th BS to the user Uik is given as giik =
ĝiik+eik, where ĝiik ∈ CM×1 denotes the estimated CSI with
uncertainties eik ∈ CM×1, ∀k ∈ K, and i ∈ NBS . In practice,
CSI estimation and sharing of CBF systems can be performed

in the training phase [7]. By classic unbiased estimators, such as
minimum mean square error channel estimator, the element of
CSI error vector can be modeled to follow Gaussian distribution
as [eik]m ∼ CN{0, σ2

ik}, ∀m ∈M [17]. Hence, the composite
signal at the user Uik is calculated as

rik = gTiik

K∑
n=1

winxin +

NBS∑
j 6=i

K∑
m=1

gTjikwjmxjm + nik, (1)

where win ∈ CM×1 and xin represent the precoding and
the data to be transmitted at the i-th BS for Uin. nik ∈ C
represents the additive white Gaussian noise (AWGN) fol-
lowing nik ∼ CN(0, σ2

n),∀Uik. By conventional CBF, the
instantaneous SINR is given as

Γik =

|hiikwik|2∑
k′ 6=k,k′∈i |giikwik′ |2 +

∑NBS
j 6=i

∑K
m=1 |gjikwjm|2 + σ2

n

,
(2)

which suggests the effect of multiuser and inter-cell interfer-
ence (in the first and second terms of the denominator) should
be strictly mitigated to improve the user’s SINR.

B. Constructive Interference

By conventional CBF and CoMP schemes, the transmitted
signal is considered as an infinite Gaussian signal. Hence,
any interference adds perturbation to the signal and harms
performance. Following this principle, multi-user interference
should be always strictly cancelled, and one needs to contain
the received symbols within a region around the nominal point
in the signal constellation, as shown in Fig. 1(a). Nevertheless,
since the transmitted symbols are available at the local BS,
it is judicious to jointly utilize the spatial correlation among
the channels and the symbols to be transmitted. That is, the
interference can be exploited as a desired element to push the
received signals away from the detection thresholds of the sig-
nal constellation. In this case, higher degrees-of-freedom (DoF)
at transmitter side is obtained, and the increased distance to the
detection threshold can benefit the receiver side performance.

Without loss of generality, assume that the intended symbol
is (1 + i)/

√
2 with QPSK modulation. By CI design shown

in Fig. 1(b), the received signal rik can be pushed into a
constructive region (green area), rather than being strictly lo-
cated in the proximity region around the constellation point. To
guarantee the constructive effect of the interference, geometric
interpretation can be exploited as shown in Fig. 1(c). Explicitly,
we can rotate the received signal by an angle ∠x∗ik, and
the rotated signal (noise excluded) can be mapped onto real
axis αR = <{rikx∗ik} and imaginary axis αI = ={rikx∗ik},
respectively. As can be seen, the received signal falls into a
constructive region (in Fig. 1 (b)) if and only if the trigonometry
|αI | ≤ (αR − γ)tanθ (in Fig. 1(c)) holds, where θ =

π

L
and

L represents constellation size. The above discussion can be
extended into any order L-PSK and multi-level modulations.
For brevity we refer the readers to [16] for details.
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Fig. 1. The geometrical interpretation of CI design, where the intended symbol
is (1+i)/

√
2 with QPSK modulation for example. (a) Conventional precoding

result in a proximity region around the constellation point. (b) By CI design,
the received signal rik falls into a constructive region (green area), where
γ = σn

√
Γik . (c) After being rotated by ∠x∗ik , the received signal falls into

constructive region as long as the inequality |αI | ≤ (αR − γ)tanθ holds,
where the SINR requirement Γik is also naturally guaranteed.

III. POWER-EFFICIENT ROBUST CI DESIGN FOR CBF

In this section, we investigate the power-efficient robust
precoding optimization for CBF coordination, under imperfect
CSI acquisitions.

A. Constructive Multi-user Interference Exploitation in CBF

Since the intended symbol can be written as xik =
dike

j(φik), we can express the symbol xik by another symbol
xin as xin = xike

j(φin−φik). Note that the selection of the
reference symbol xin can be arbitrary. Hence, (1) is written as

rik = gTiik

K∑
n=1

wine
j(φin−φik)xik +

Nbs∑
j 6=i

K∑
m=1

gTjikwjmxjm + nik.

(3)

Define g̃iik = giike
j(φi1−φik) and g̃jik = gjike

j(φj1−φjm)

as the equivalent channels. Define wi =
∑K
n=1 wine

j(φin−φi1)

and wj =
∑K
m=1 wjne

j(φjn−φj1) as the overall precoding
vectors at the i-th and j-th BSs, respectively. Hence, (3) can
be simplified into

rik = g̃Tiikwixik +

NBS∑
j 6=i

g̃Tjikwjxjm + nik, (4)

which suggests that the CI design transforms the broadcast
channel in each cell into a virtual multicast channel with
common messages to all local users. In other word, the intra-
cell multi-user interference can be utilized as a useful signal
to enhance the receiving performance. Accordingly, we have
the following inequality to guarantee the constructive effect of
multi-user interference.

|=
(NBS∑
j=1

g̃Tiikwi

)
| ≤

(
<(

NBS∑
j=1

g̃Tiikwi)−
√

(σ2
n + ζik)Γik

)
tanθ,

(5)

where ζik =
∑NBS
j 6=i ||g̃Tjikwj ||2 denotes the inter-cell inter-

ference. Under the geometrical provision of (5), generating
constructive multi-user interference and satisfying the user’s
SINR requirement are simultaneously guaranteed. Nevertheless,
note that inter-cell interference should be still suppressed as

noise, which is fundamentally different from that in single-cell
CI designs [12]- [16].

B. Problem Formulation

Under the aforementioned CI exploitation, we aim to min-
imize transmission power consumption, subject to multiple
constraints. The problem is formulated as

P1 (CI− CBF− Robust) : argmin
wi,∀i∈NBS

NBS∑
j=1

||wi||22,

s.t (C1) : ||wi||2 ≤ Pmax,∀j ∈ NBS ,
(C2) : Pr{ Γik ≥ Γik|eik} ≥ ηik,∀ Uik.

(6)

where (C1) constrains the dissipated transmission power at each
BS to be lower than its budget Pmax. (C2) means that the
probability of satisfying the user’s SINR requirement should
be higher than a preset threshold ηik, ∀Uik.

C. Optimization Solution

The difficulty of solving P1 lies in its probabilistic constraint
(C2), under infinite possibilities of CSI uncertainties. Based on
the geometrical interpretation in (5), the probabilistic constraint
(C2) can be expanded into the two inequalities in (7). To handle
the inequalities, we first introduce two auxiliary variables ϕik
and uik to decouple the inter-cell interference at the right hand
of (7). Now, (7) is equivalent to the four inequalities in (8),
which are handled one by one.

For constraint (C2a), we first collect the CSI related elements
into another long vector such that fjik = [ĝ=iik + e=ik −
ĝ<iiktanθ − e<iktanθ; ĝ<iik + e<ik + ĝ=iiktanθ + e=iktanθ]. It is
found that the vector fjik’s expection is f ik = [ĝ=iik −
ĝ<iiktanθ; ĝ<iik + ĝ=iiktanθ] with covariance matrix Λik =
diag((1 + tan2θ)σ2

ik, ..., (1 + tanθ)2σ2
ik︸ ︷︷ ︸

2M

). Hence, we have

Pr{ (fTik − f
T

ik)[w<i ;w=i ]

||Λ
1
2
ik[w<i ;w=i ]||2

≤

−(σn + ϕik)
√

Γiktanθ − f
T

ik[w<i ;w=i ]

||Λ
1
2
ik[w<i ;w=i ]||2

} ≥ ηik.
(9)

which acts as the cumulative probability function (cdf) of a
standard Gaussian variable. Define Φ(x) as cdf of a standard
Gaussian variable and Φ−1(.) as the its inverse function. (9)
can be given as a quadratic inequality

(C2a) : f
T

ik[w<i ;w=i ] + Φ−1(ηik)||Λ
1
2
1 [w<i ;w=i ]||2 ≤

− (ϕik + σn)

√
Γiktanθ.

(10)

According to Schur complement, constraint (C2a) can be
finally transformed into a linear matrix inequality (LMI) in (11).
Similarly, constraint (C2b) can be given in (12), where dik =
[−ĝ=iik − ĝ<iiktanθ;−ĝ<iik + ĝ=iiktanθ]. Now, constraints (C2a)
and (C2b) have been transformed into standard LMIs.

Now we turn to handle constraint (C2c). Introduce an auxil-
iary vector tik = [ϕik, uik]T to accommodate the variables ϕik
and uik. Defining Uik = tikt

H
ik, (C2c) is relaxed as



 Pr{(g̃<iik)Tw=i + (g̃=iik)Tw<i ≤
(
(g̃<iik)Tw<i − (g̃=iik)Tw=i −

√
(σ2
n +

∑NBS
j 6=i ||g̃Tjikwj ||2)Γik

)
tanθ|eik} ≥ ηik,

Pr{−(h̃<iik)Tw=i − (h̃=iik)Tw<i ≤
(
(g̃<iik)Tw<i − (g̃=iik)Tw=i −

√
(σ2
n +

∑NBS
j 6=i ||g̃Tjikwj ||2)Γik

)
tanθ|eik} ≥ ηik.

(7)


(C2a) : Pr{[ĝ=iik + e=ik − ĝ<iiktanθ − e<iktanθ; ĝ<iik + e<ik + ĝ=iiktanθ + e=iktanθ]T [w<i ;w=i ] ≤ −

√
Γik(σn + ϕik)tanθ} ≥ ηik,

(C2b) : Pr{[−ĝ=iik − e=ik − ĝ<iiktanθ − e<iktanθ;−ĝ<iik − e<ik + ĝ=iiktanθ + e=iktanθ]T [w<i ;w=i ] ≤ −
√

Γik(σn + ϕik)tanθ} ≥ ηik,
(C2c) : ϕ2

ik ≥ uik, (C2d) : uik ≥
∑NBS
j 6=i ||g̃

T
jikwj ||2.

(8)

(C2a) :


(
−f

T
ik[w<i ;w=i ]−(σn+ϕik)

√
Γiktanθ

)
I

Φ−1(ηik)
Λ

1
2
ik[w<i ;w=i ]

(Λ
1
2
ik[w<i ;w=i ])T

−f
T
ik[w<i ;w=i ]−(σn+ϕik)

√
Γiktanθ

Φ−1(ηik)

 � 0. (11)

(C2b) :


(
−dTik[w<i ;w=i ]−(σn+ϕik)

√
Γiktanθ

)
I

Φ−1(ηik)
Λ

1
2
ik

[w<i ;w=i ]

(Λ
1
2
ik

[w<i ;w=i ])T
−dTik[w<i ;w=i ]−(σn+ϕik)

√
Γiktanθ

Φ−1(ηik)

 � 0, (12)

(C2c) : Tr(ΞUik) + ltik ≥ 0; and

[
Uik, tik

(tik)T , 1

]
� 0, (13)

where Ξ =
[ 1, 0
0, 0

]
and vector l = [0,−1]. Evidently, (C2c) is a

LMI constraint, and the last difficulty lies in (C2d). Expanding
the right hand of (C2d) yields

(C2d) :

NBS∑
j 6=i

(
eTikWje

∗
ik) +

NBS∑
j 6=i

(
eTikWj ĝ

∗
jik

)
+

NBS∑
j 6=i

(
ĝTjikWje

∗
ik

)
+

NBS∑
j 6=i

(
ĝTjikWj ĝ

∗
jik

)
− uik ≤ 0,

(14)

To handle (C2d) with the presence of unknown CSI error
eik. We first introduce S-Procedure in Lemma 1.

Lemma 1 (S-Procedure [18]): Define a function yn(x), n ∈
{1, 2}, as yn(x) = xHAnx + 2<{bHn x} + cn, where An ∈
HN×N , bn ∈ CN×1 and cn ∈ R. The implication y1(x) ≤
0 ⇒ y2(x) ≤ 0 holds if and only if the following conditions
hold

ρ

[
A1, b1

bH1 , c1

]
−
[
A2, b2

bH2 , c2

]
� 0, and ρ ≥ 0. (15)

Nevertheless, to incorporate (C2d) with S-Procedure, we first
need to find the bound of eTikIMe∗ik as a premise to implement
S-Procedure. Since we know the distribution of the CSI error,
we further introduce Lemma 2 to calculate the bound of the
term eTikIMe∗ik, i.e. eTikIMe∗ik ≤ ν2.

Lemma 2 (CSI Error Ellipsoidal Bound): Since the CSI error
follows Gaussian distribution such that [eik]m ∼ CN{0, σ2

ik},
∀m ∈M , the term eHikIeik ≤ ν2 can be equivalently expressed
as ( [eik]1

σik
)2 + ... + ( [eik]M

σik
)2 ≤ ( ν

σik
)2. The left hand follows

chi-square distribution with freedom of size M . Hence, the term
eHikIeik ≤ ν2 can be approximately considered as the proba-
bility density function (pdf) of a chi-square variable such that
Pr{( [eik]1

σik
)2 + ...+( [eik]M

σik
)2 ≤ ν2

σ2
ik
} = δ. δ denotes the proba-

bility of the inequality being satisfied, whose value can be set to
close to 1. Denoting ΨM as the cdf of a chi-square distributed
variable with degrees of freedom M , we have ΨM{ ν

2

σ2
ik
} = δ.

Denoting Ψ−1M (·) as the inverse function of ΨM (·), finally we
get ν2 = Ψ−1M (δ)σ2

ik. �
Based on Lemma 2, we are able to obtain the value of ν2.

Recalling S-procedure, we are able to utilize the LMI in (16)
as a premise to guarantee the implication

(
eTikIMe∗ik

)
− ν2 ≤

0 ⇒ (14) holds. In summary, after a series of transformation,
the original constraint (C2) has been equivalently replaced by
another four constraints (C2a)-(C2d), as shown by Eqs. (11),
(12), (13) and (16). Defining precoding matrix Wi = wiw

H
i ,

the optimization problem can be finally given as

P2 (Robust− CI− CBF) : argmin
wi,∀i∈NBS

NBS∑
i=1

Tr(Wi),

s.t (C1) : Tr(Wi) ≤ Pmax,∀i ∈ NBS , (C2a) : (11),
(C2b) : (12), (C2c) : (13), (C2d) : (16),∀ Uik,

(C3) :

[
Wi wi

wT
i 1

]
� 0, ∀i ∈ NBS ,

(C4) : Rank(Wi) = 1, ∀i ∈ NBS .

(17)

where (C3) is the semi-definite relaxation version of the original
equality Wi = wiw

H
i , ∀i ∈ NBS . For the rank-1 constraint

in (C4), rank relaxation can be applied [19]. With the con-
dition that the channel parameters are statistically independent
assumed in this paper, the solution is of rank-one. Related proof
has been extensively reported [19] [20], which is not provided
in this paper due to page limit. Now, the problem is a standard



(C2d) :

[
φikIM −

∑NBS
j 6=i Wj , −

∑NBS
j 6=i ĝTjikWj

−(
∑NBS
j 6=i ĝTjikWj)

H , −φikν2 −
∑NBS
j 6=i (ĝTjikWj ĝ

∗
jik) + uik

]
� 0, and φik ≥ 0. (16)

semi-definite programming (SDP) optimization, which can be
readily solved by CVX.

IV. OVERHEAD AND COMPLEXITY ANALYSIS

In this section, we analyze the incurred coordination over-
head and the complexity of the proposed optimization.

A. Coordination Signalling Overhead Analysis

The proposed CI-CBF-Robust scheme utilizes multi-user
interference while cancelling the negative effect of inter-cell
interference. Hence, each BS only needs to share CSI with
others, alleviating the requirement of sharing data. Assume
that there are K users in each BS. Given NBS coordinated
BSs, the overall overhead for coordination can be given as
O(N2

BS(NBS − 1)KχC). The variable χC represents the bits
for sharing one user’s channel vector, which is related to the
size of channel vectors and the method adopted for describing
CSI. In practice, BSs can use code-word for describing CSI,
and the index of the selected code-word represents a pre-
defined CSI, typically 2-10 bits long [21]. As can be seen, the
proposed scheme incurs the same level of overhead with that of
conventional CBF schemes, whereas maintaining the advantage
of utilizing multiuser interference. On the contrary, the CoMP
systems need to share both the CSI and the instantaneous
intended data. Hence, the overall overhead of sharing CSI and
data is given O

(
NBS(NBS − 1)K(NBSχC + χS)

)
, where

χS denotes the bits for exchanging instantaneous data, typical
280 bits in each type-2 LTE sub-frame. Evidently, the CoMP
incurs much more overhead over the CI-based CBF systems,
especially with a high number of coordinated BSs.

B. Complexity Analysis

Now we present the complexity of the proposed CI-CBF-
Robust scheme. Since the transformed optimization P3 is
a standard SDP problem, CVX can be applied to solve
it with interior-point method with analytical complexity
ln( 1

ε )
√
cb(cf + cg) [22]. In particular, the term ln( 1

ε ) denotes
the accuracy setup for algorithm convergence.

√
cb denotes the

barrier parameter counting the geometric complexity of the
constraints, while cf and cg denote the complexities on the
generation and factorization of the matrices in the optimization
problem. Due to page limit, we refer readers to [22] for details.

For the proposed algorithm, it has NBS LMIs (trace) in (C1)
of size 1, NBSK LMIs of size 2M + 1 in (C2a), NBSK
LMIs of size 2M + 1 in (C2b), NBSK LMIs (trace) of size
1 and NBSK LMI constraint of size 3 in (C2c), NBSK
LMI constraint of size (NBS − 1)M2 + 1 and NBSK linear
constraints in (C2d), and finally NBSK LMIs of size M + 1
in (C3). Hence, the overall complexity can be analytically
evaluated as ln( 1

ε )β3
(
n(NBS + 10NBSK + NBSK((NBS −

1)M2+1)3+2NBSK(2M+1)3+NBSK(M+1)3)+n2(NBS+
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Fig. 2. The total power consumption of different algorithms vs. users’ SINR
requirements Γik , where M = 4 antennas are equipped at each BS. K = 3
users are randomly placed in each cell. CSI error σik = 10−2 and power
budget Pmax = 40 dBm.

10NBSK + NBSK((NBS − 1)M2 + 1)2 + 2NBSK(2M +
1)2 +NBSK(M +1)2)+n3

)
. Evidently, the proposed scheme

has a polynomial complexity, confirming its practicality in
optimization design.

V. SIMULATION RESULTS

In this section, the performance of the proposed scheme
is demonstrated. The classical CBF schemes are selected as
benchmarks, where both multi-user and inter-cell interference
are strictly mitigated. We selected the mostly related works in
[7] and [8] as comparisons. The former (denoted as Conv-CBF-
Prob) minimizes transmission power under probabilistic SINR
constraints, while the latter (denoted as Conv-CBF-Det) guaran-
tees SINR constraints by deterministic robust optimization. The
central frequency is set to 2 GHz with 1 MHz signal bandwidth.
Following the closely relevant works in [7] [8], we consider
a 3-hexagon-cell coordination scenario. A BS equipped with
M = 4 antennas is deployed in the center of each cell. K = 3
users are randomly placed in each cell. The transmission power
budget at each BS is set to Pmax = 40 dBm. QPSK is selected
for signal constellation. We assume a practical CSI quality
such that σik = 10−2. The probability of satisfying the preset
SINR requirement (Γik = 20 dB) is ηik = 80 %. The power
spectral density of AWGN is -174 dBm/Hz. The large-scale
and Rayleigh small-scale fading models in [7] are selected for
modelling the channels.
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Fig. 3. The total power consumption of different algorithms vs. the accuracy
of channel estimation, where SINR requirement is Γik = 20 dB. M = 4
antennas are equipped at each BS. K = 3 users are randomly placed in each
cell and power budget Pmax = 40 dBm.

Fig. 2 shows the transmission power consumption of differ-
ent algorithms under users’ SINR requirements Γik. It can be
observed that the proposed CI-CBF-Robust scheme saves 8-
12 dB power consumption over the benchmarks. It is because
the proposed algorithm effectively utilizes multiuser interfer-
ence as a desired element rather than cancelling it, which is
fundamentally different from the conventional CBF scheme
that always treats intra-cell multiuser interference as destructive
noise. Hence, to achieve a pre-set SINR target, the conventional
CBF schemes have to dissipate more transmission power.

Fig. 3 shows the effect of the accuracy of CSI estimation
on the transmission power. It is seen that a higher variance of
CSI error leads to more power consumption. It is because a
higher CSI variance increases the norm of covariance matrix
Λik. Hence, based on Eqs. (11) and (12), the amplitude of
the precoder should be correspondingly increased to guarantee
the semi-definite property of the matrices. As a result, higher
transmission power is also dissipated. Still, it can be observed
with different levels of CSI estimation accuracy, the proposed
scheme provides up to 12 dB power saving compared to the
benchmark, showing a high robustness against the CSI error.

VI. CONCLUSIONS

In this paper, we have presented a novel CBF coordina-
tion scheme to judiciously utilize multi-user interference as
constructive components while simultaneously mitigating inter-
cell interference, based on the shared CSI among the coordi-
nated BSs. Taking imperfect CSI into consideration, we have
minimized transmission power under users’ probabilistic SINR
constraints, which guarantees the users’ SINR requirements in a
statistical manner. The simulation results have verified that, the
proposed CI-CBF-Robust algorithm saves 8-12 dB transmission

power over the benchmarks, and shows the highest level of
robustness against CSI error. In addition, the overhead and
complexity of the proposed scheme are analytically analyzed,
confirming its high practicality in multi-cell coordination.
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