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Abstract—Coordinated multi-point (CoMP) can be used as
an enabler of underlay spectrum sharing instead of legacy
technologies, such as multi-user multiple-input multiple-output,
in order to further increase the overall spectral efficiency (SE)
and provide quality-of-service (QoS) guarantees to the end users.
This concept, though, has been largely overlooked in the liter-
ature. Moreover, while the performance of CoMP transmission
techniques generally improves as the number of antennas on
the base stations (BS) increases, cost and power consumption
constraints (and even size limitations in the case of small-cell
BSs and remote radio units) prohibit the deployment of a large
number of antennas on these nodes. Load-controlled parasitic
antenna arrays address this issue. However, the application of
arbitrary precoding on such antenna systems is far from trivial.
Furthermore, previous studies on the subject did not consider
multi-active multi-passive (MAMP) antenna arrays and multi-
user communication, let alone coordinated transmissions and
spectrum sharing setups. Our goal in this work is to fill the
aforementioned gaps in the literature. To this end: (i) We derive a
low-complexity coordinated QoS-aware power allocation method
for sum-SE maximization in an underlay spectrum sharing setup
under given transmission and interference power constraints
and per-user QoS requirements; (ii) we describe simple sub-
optimal alternatives of this power allocation policy; and (iii)
we present coordinated hybrid precoding implementations of
standard linear precoding schemes for load-controlled MAMP
(LC-MAMP) antenna arrays. Numerical simulations demonstrate
the feasibility of the proposed resource allocation strategies,
illustrate their performance gains, and highlight the impact of
various parameters on their efficiency.

Index Terms—Coordinated multi-point (CoMP), coordinated
interference-constrained power allocation (ICPA), coordinated
QoS-aware ICPA (ICPA-QoS), load-controlled multi-active multi-
passive (LC-MAMP) antenna array, coordinated hybrid precod-
ing.

I. INTRODUCTION

The upcoming 5th Generation (5G) cellular networks will
rely heavily on the sub-6 GHz spectrum to provide the required
levels of radio coverage and mobility support [1]. Given
the scarcity of available bandwidth in this segment of the
spectrum [2], the mobile network operators will have to adopt
a number of strategies, in order to meet the stringent capacity

This work has been funded by the EC H2020 project BlueSpace (Grant
agreement ID: 762055).

requirements of the envisioned use cases [3]. These include
the densification of the network to re-use more frequently
the available spectral resources across the service area, along
with the employment of techniques that mitigate the resulting
inter-cell interference (ICI), and the utilization of methods that
increase the spectral efficiency (SE) [1].

Underlay spectrum sharing [4] and coordinated multi-point
(CoMP) [5], [6] constitute characteristic examples of such
technologies. Although the former non-orthogonal shared
spectrum access paradigm has the potential to “unlock” sig-
nificant amounts of bandwidth in favor of 5G services, it has
been rarely applied in practice due to its inability to provide
quality-of-service (QoS) guarantees to the end users [2]. The
use of CoMP as an enabler of this spectrum management
regime represents a promising solution, thanks to its advanced
interference coordination and resource allocation features.
However, this concept has not attracted much attention within
the research community, to our utmost surprise. Furthermore,
the few relevant studies do not consider the application of
standard linear precoding schemes, such as zero-forcing (ZF).

The performance of CoMP transmission techniques im-
proves, in general, as the number of antenna elements (AEs)
that are deployed on the base stations (BS) increases [5], [6].
Hybrid analog-digital transceivers use a mixture of active AEs
(AAE) (i.e., AEs that are fed by a radio frequency (RF) chain)
and passive AEs (PAE) to either improve the array gain for
a given number of RF units or to reduce the number of RF
modules (and, therefore, the hardware cost and power con-
sumption) that are required to approach a target performance,
in comparison to a digital transceiver [7]–[9]. Nevertheless, the
use of such transceivers, which utilize a combination of digital
(baseband) precoding and analog beamforming that is called
hybrid precoding [9], has been studied almost exclusively in
the very large antenna arrays regime [1]. In addition, the bulk
of the relevant works considers setups that make use of phased
antenna arrays, although alternative architectures that employ
load-controlled parasitic arrays further reduce the hardware
cost and present compact designs that suit better small-cell BSs
and remote radio units [7]. This is because of the challenges in
applying hybrid precoding at the latter type of transceivers [7].
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In [10], [11] the authors presented a hybrid precoding
method for single-RF load-controlled antenna arrays. The main
issue of this approach is that the required loading values
might be infeasible. The authors in [12]–[14] considered the
problem of coordinated transmissions for single-user or multi-
user communication in each cell, assuming the use of ei-
ther single-active multi-passive (SAMP) or multi-active multi-
passive (MAMP) load-controlled antenna arrays. However,
these works avoid the aforementioned load computation issue
by utilizing the analog loads only to shape and steer angular
beams and performing the precoding operation in the digital
domain. We should also mention that the input impedance of
such antenna systems depends on the load values. Therefore,
the usage of an impedance-matching network is typically
required in practice, to ensure high radiation efficiency [15].

In this paper, we aspire to fill the abovementioned gaps
in the literature. To this end: (i) we derive a low-complexity
QoS-aware coordinated power allocation (PA) strategy for
sum-SE maximization in CoMP-enabled underlay spectrum
sharing setups; (ii) we present simple suboptimal alternatives
of this PA policy; and (iii) we propose a coordinated hybrid
precoding method for the application of standard linear pre-
coding schemes in coordinated beamforming (CBF) mode of
operation at load-controlled MAMP antenna arrays. Numerical
simulations demonstrate the feasibility and the performance
gains of the techniques under study and shed light on their
behavior.

II. SYSTEM SETUP AND ASSUMPTIONS

We consider an underlay spectrum sharing setup, where the
primary system (PS) is a single-input single-output (SISO)
radio link and the secondary system (SS) is a cellular network
with M cells that utilizes CoMP. We focus on the cellular
downlink (DL), where the BSs act as transmitters (TX) and
the mobile stations (MS) play the role of the receiver (RX).
In each cell, a BS that is equipped with a LC-MAMP antenna
array and K active single-antenna MSs are located. Each LC-
MAMP antenna array is comprised by Na AAEs and Np
PAEs, for a total of N = Na + Np AEs. Therefore, there
are NT = M × N transmit antennas and KT = M × K
receive antennas overall in the SS.

We denote the m-th BS and the k-th MS in
the m-th cell as BSm and MSkm, respectively
(m ∈M = {1, . . . ,M}, k ∈ K = {1, . . . ,K}). The TX
and the RX of the PS are simply denoted as TXPS and
RXPS, respectively. Moreover, we distinguish between two
types of inter-system co-channel interference (CCI), namely,
forward inter-system (FIS) CCI, which is caused by the
transmissions of the M BSs and is received by RXPS, and
reverse inter-system (RIS) CCI, which is caused by the
transmission of TXPS and is received by the KT MSs (see
Fig. 1).

The following assumptions are in order: (i) All cells belong
to a single cooperation cluster [5], [6]. (ii) The CBF variant
of CoMP is applied in a centralized manner [5], [6]. (iii)
Perfect channel state information (CSI) is available at all

Fig. 1. System setup.

nodes. (iv) The mobile transport network is ideal. (v) Each
one of the M BSs serves its K users on a single time-
frequency resource. (vi) Universal frequency re-use is applied
at the SS. (vii) The BSs rely on coordinated linear precoding to
mitigate the resulting intra-cell multi-user interference (MUI)
and ICI. (viii) Narrowband quasi-static frequency-flat standard
Rayleigh fading channels and i.i.d. zero-mean additive white
Gaussian noise (AWGN) with unit variance are considered.
(ix) RXPS informs the master BS about its interference power
threshold (IPT).

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Notation

The channels between MSkm and TXPS; RXPS and TXPS;
MSkm and BSj ; and RXPS and BSj are denoted as hkm, g,
hjkm, and gj , respectively (m, j ∈M, k ∈ K). Similarly, the
BF vector used by BSj to serve MSkm, the power allocated by
BSj to MSkm, the data symbol transmitted by BSj to MSkm,
and the AWGN at MSkm are denoted as wj

mk, P jmk, sjmk, and
nkm, respectively, whereas the transmission power of TXPS,
the data symbol transmitted by TXPS to RXPS, and the AWGN
at RXPS are denoted as P , d, and z, respectively.

B. System Model

Let us define:

vjmk = wj
mk

√
P jmks

j
mk. (1)

Then, the complex baseband representation of the received
signal at MSkm is given by:

ykm =(hmkm)
†
vmmk +

K∑
i=1
i6=k

(hmkm)
†
vmmi

+
M∑
j=1
j 6=m

K∑
i=1

(
hjkm

)†
vjji + hkm

√
Pd+ nkm. (2)

In Eq. (2), as well as throughout the manuscript, we have
omitted the time index for notational convenience. We note
that ykm consists of useful data signal, intra-cell MUI, ICI,
RIS CCI, and AWGN components. Note that by the definition
of CBF, wj

mk = 0 for j 6= m.
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By stacking together the received symbols, transmitted
symbols, and noise samples in vectors y, s, and n, respectively,
we obtain the composite system model:

y = HWP1/2s+ n, (3)

where H, W, and P are the composite channel matrix,
precoding matrix, and PA matrix, respectively. In Eq. (3) we
have ignored the RIS CCI, for convenience.

The received signal at RXPS is given by:

y = g
√
Pd+

M∑
m=1

K∑
k=1

(gm)
†
wm
mk

√
Pmmks

m
mk + z. (4)

We note that y consists of useful data signal, FIS CCI, and
AWGN components.

Consider the application of zero-forcing (ZF) precoding at
the SS in a spectrum-sharing-agnostic manner (i.e., by ignoring
the FIS CCI). The ZF precoding matrix W(ZF) corresponds
to the right Moore-Penrose pseudo-inverse of the composite
channel matrix and it is typically normalized column-wise to
preserve the transmission power [5], [6]:

F(ZF) = H# = H†
(
HH†

)−1
. (5a)

W(ZF) =

(
F(ZF)

)
∗j∥∥∥(F(ZF))∗j

∥∥∥ , j = 1, . . . ,KT . (5b)

Notice that the effective channel matrix after the application
of ZF precoding, H = HW(ZF), is diagonal. That is, ZF
precoding eliminates the intra-system CCI. Therefore, the
signal-to-interference-plus-noise-ratio (SINR) of MSkm after
the application of ZF precoding is given by:

γkm =

∣∣∣(hmkm)
†
(wm

mk)
(ZF)
∣∣∣2 Pmmk

|hkm|2 P + 1
. (6)

The data rate of MSkm is:

Rkm = log2(1 + γkm) = log2(1 + λmmkP
m
mk), (7)

where we have defined λmmk = γkm/P
m
mk.

The sum-rate (SR) throughput (i.e., the sum-SE per unit of
spectral bandwidth) of the SS is given by:

R =
M∑
m=1

K∑
k=1

Rkm =
M∑
m=1

K∑
k=1

log2(1 + λmmkP
m
mk). (8)

C. Problem Formulation

Our goal is to determine the QoS-aware coordinated PA
scheme that maximizes the SR throughput, assuming the ap-
plication of coordinated ZF precoding in the SS in a spectrum-
sharing-agnostic manner, under given transmission power,
interference power, and QoS constraints. This optimization
problem, P1, takes the following form:

min.
Pm

mk
m∈M, k∈K

−R = −
M∑
m=1

K∑
k=1

log2 (1 + λmmkP
m
mk) (9a)

s.t.

Pmmk ≥ 0, m ∈M; k ∈ K, (9b)
K∑
k=1

Pmmk ≤ PT , m ∈M, (9c)

M∑
m=1

K∑
k=1

αmmkP
m
mk ≤ PI , (9d)

γkm ≥ γ̃km, k ∈ K, m ∈M, (9e)

where

αjmk =

∣∣∣∣(gj)† (wj
mk

)(ZF)
∣∣∣∣2 . (10)

Eq. (9b)–Eq. (9d) represent the KT non-negative trans-
mission power constraints, the M sum transmission power
constraints (SPC) (one per BS), and the interference power
constraint (IPC), while Eq. (9e) corresponds to the per-user
QoS constraints. The latter constraints state that a minimum
data rate should be provided to or, equivalently, a minimum
SINR level should be guaranteed for each user (e.g., to ensure
video streaming with a baseline video quality [16]). Note
that Eq. (9e) can be expressed as Pmmk ≥ P̃mmk. Notice also
that the PA task P1 is convex, since the application of ZF
precoding eliminated the coupled interference components in
the denominator of the SINRs.

We consider in addition, for comparison purposes, another
optimization problem P2, which is obtained from P1 by
omitting the QoS constraints. The solution to this problem
corresponds to a QoS-agnostic coordinated PA strategy that
maximizes the SR throughput, assuming the application of
coordinated ZF precoding in the SS in a spectrum-sharing-
agnostic manner, under the aforementioned SPCs and IPC.

IV. SOLUTION AND ALGORITHM

The solution of P1 is the multi-level water-filling (WF) PA
scheme that is presented in the following theorem.

Theorem 1: The solution to P1 is given by the coordinated
QoS-aware interference-constrained PA (ICPA-QoS) scheme:

Pmmk =

(
1

ln 2 (νm + µαmmk)
− 1

λmmk
− P̃mmk

)+

+ P̃mmk, (11)

where νm and µ are Lagrange multipliers and P̃mmk is the
power that corresponds to γ̃km.

The proof of the above theorem is obtained by taking the
Lagrangian form of P1 and applying the Karush-Kuhn-Tucker
(KKT) conditions. Note that the solution of P2 is given by
Eq. (11) with P̃mmk = 0. Notice also that when the IPC is
inactive, µ = 0 and Eq. (11) reduces to the corresponding
interference-unconstrained PA solution (i.e., either IUPA-QOS
or IUPA when P̃mmk = 0).

The iterative algorithm that calculates the Lagrange multi-
pliers and implements the solution of P1 is presented in Algo-
rithm 1. The same algorithm implements also the solution of
P2 if we set P̃mmk = 0. The algorithm chooses as initial value
of µ the mid-point between a given minimum and maximum
value, computes the minimum values of νm for this value of
µ that satisfy the SPCs, calculates the corresponding power
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levels Pmmk for the given values of the Lagrange multipliers
according to the solution given in the above theorem, and
then makes use of the bisection method to update accordingly
the value of µ based on whether the IPC is met or not. The
parameter δµ > 0 controls the accuracy of the algorithm.

A simple alternative PA strategy that meets the IPC but
neither maximizes the SR throughput nor satisfies the per-
user QoS requirements is the interference-constrained equal
PA (ICEPA) scheme, which assigns the following power level
to the users:

Pc = min

PTK ,
PI

M∑
m=1

K∑
k=1

αmmk

 . (12)

V. COORDINATED HYBRID PRECODING WITH LC-MAMP
ANTENNA ARRAYS

A LC-MAMP antenna array is comprised by a number of
AAEs and PAEs. The latter AEs are deliberately placed in
close vicinity from the AAEs and are terminated to tunable
analog loads. Due to the strong mutual coupling among the
AEs that occurs in such a setup, the feeding voltages induce
currents on the PAEs, thus allowing them to radiate [7]. By
adjusting both the baseband weights and the load impedances
with the help of a low-cost digital controller, we can perform
hybrid precoding. Note that in contrast to phased antenna
arrays, LC-MAMP antenna arrays do not utilize feeding
networks and phase shifting modules, neither require a suf-
ficiently large inter-element distance to avoid the occurrence
of electromagnetic coupling among the AEs. Therefore, LC-
MAMP antenna arrays represent more cost effective and
compact architectures than phased antenna arrays.

The system model for a multi-user multiple-input multiple-
output (MU-MIMO) setup where a BS that is equipped with
a N -antennas LC-MAMP array serves K single-antenna MSs
is given by [12]–[14]:

y = Hi+ n, (13)

Algorithm 1 Coordinated ICPA-QoS Algorithm
1: procedure ICPA-QOS(λmmk, α

m
mk, PT , PI , P̃

m
mk)

2: Initialize: µmin, µmax

3: while |µmax − µmin| > δµ do
4: µ = (µmin + µmax) /2
5: for m = 1 to M do
6: Find min (νm), νm ≥ 0 :∑K

k=1

((
1

ln 2(νm+µαm
mk)
− 1
λm
mk
− P̃mmk

)+

+ P̃mmk

)
≤ PT

7: end for
8: Compute Pmmk according to Eq. (11)
9: if

∑M
m=1

∑K
k=1 α

m
mkP

m
mk ≥ PI then

10: µmin = µ
11: else
12: µmax = µ
13: end if
14: end while
15: Output: Pmmk, m ∈M; k ∈ K
16: end procedure

where y is the vector of open-circuit voltages at the receive
antennas, i is the vector of currents that run on the transmit
antennas, H is the composite channel matrix that relates these
quantities with each other, and n is the receive additive noise
vector.

However, we know that a transmission over such a MIMO
broadcast channel (BC) is represented by [5]:

y = HWs+ n, (14)

where W is the precoding matrix and s is the transmitted
symbols vector. Hence, we can perform arbitrary channel-
dependent precoding with LC-MAMPs by mapping the pre-
coded symbols onto the antenna currents. That is [12]–[14],

i = Ws. (15)

On the other hand, from the equivalent circuit diagram of a
LC-MAMP antenna array we obtain [12], [13]:

i = (Z+X)
−1

v, (16)

where Z is the mutual impedance matrix whose diagonal ele-
ments Zii represent the self-impedance of the i-th AE whereas
its off-diagonal elements Zij denote the mutual impedance
between the i-th AE and the j-th AE (i, j = 1, . . . , N); X is
the diagonal load matrix that holds on its main diagonal the
source resistances and the impedances of the analog loads that
are connected to the PAEs; and v is the voltage vector whose
non-zero elements are the source voltages.

We can rearrange Eq. (16) as follows [11]:

(Z+X) i = v. (17)

That is,Z11 +X1 · · · Z1N

...
. . .

...
ZN1 · · · ZNN +XN


 i1...
iN

 =

 v1...
vN

 . (18)

Since for given W and s the currents vector i is obtained
from Eq. (15), then assuming a LC-MAMP antenna array with
Na AAEs and Np PAEs (i.e., N = Na + Np AEs in total)
where Xn = 50 for n = 1, . . . , Na and vn = 0 for n =
Na+1, . . . , N , we can solve Eq. (18) for the source voltages
vn and the impedances Xn:

vn =
N∑
j=1

Znjij + 50in, n = 1, . . . , Na. (19a)

Xn =
−
∑N
j=1 Znjij

in
, n = Na + 1, . . . , N. (19b)

This approach allows us to perform hybrid precoding with
LC-MAMP antenna arrays. Note that this solution requires the
use of complex loads whose real part ranges from negative to
positive values [15]. A circuit implementation of such loads
can be found in [17].
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Fig. 2. IUPA vs. ICPA for different values of PI and P .

The extension of this model to coordinated hybrid pre-
coding is straightforward: One should note that the precod-
ing matrix in Eq. (3) can be expressed as a block matrix
W =

[
W1 . . .WM

]
, where each block Wm is given by:

Wm =

w
1
m1 · · · w1

mK
...

. . .
...

wM
m1 · · · wM

mK

 , m ∈M, (20)

and recall that wj
mk = 0 for j 6= m in Eq. (20).

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
techniques via numerical simulations. We are interested in the
average sum-SE that is achieved over an average receive SNR
range γ of 0 - 30 dB. We assume that the SS is comprised
by M = 2 BSs, where each one is equipped with a LC-
MAMP that has Na = 2 AAEs and Np = 4 PAEs (i.e., N =
6 AEs in total) and serves K = 2 single-antenna MSs. For
comparison purposes, we demonstrate also the performance
of IUPA. We utilize the Shannon capacity formula, to obtain
upper bounds on the performance of ZF precoding for any
modulation scheme.

Fig. 2 illustrates the performance of ICPA for PI ∈ {20, 30}
dB and P ∈ {0, 10} dB versus the one achieved with IUPA.
We notice that the performance penalty attributed to the
requirement of meeting the IPC is more severe for stringent
IPTs. Also, we note that when the transmission power of the
PS is large, the corresponding performance loss due to the
uncoordinated RIS CCI is significant.

Fig. 3 depicts the performance of ICPA, ICEPA, and ICPA-
QoS for PI = 20 dB, P = 0 dB, and QoS requirements[
0.10 0.15 0.20 0.10

]
γ for the KT = 4 users. We

observe that ICPA-QoS is only slightly worse than ICPA in
the high-SNR regime and performs much better than ICEPA.

VII. SUMMARY AND CONCLUSIONS

In this work, it is presented for first time, to the best of
our knowledge, a method that enables us to apply coordi-
nated hybrid precoding with LC-MAMP antenna arrays. It
is also proposed a simple coordinated linear precoding and
PA strategy which, as the numerical simulations indicate, is
able to satisfy the QoS requirements of the mobile users and
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Fig. 3. ICPA vs. ICPA-QoS vs. ICEPA.

provide substantial sum-SE gains, as long as the IPT is not
extremely tight and the transmission power of the PS is not
large. In the future, we intend to study the performance of
various combinations of precoding and modulation schemes.
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