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Abstract: This paper discusses transmission performance and power allocation strategies in an underlay cognitive
radio (CR) network that contains relay and massive multi-input multi-output (MIMO). The downlink transmission
performance of a relay-aided massive MIMO network without CR is derived. By using the power distribution criteria,
the kth user’s asymptotic signal to interference and noise ratio (SINR) is independent of fast fading. When the ratio
between the base station (BS) antennas and the relay antennas becomes large enough, the transmission performance
of the whole system is independent of BS-to-relay channel parameters and relates only to the relay-to-users stage.
Then cognitive transmission performances of primary users (PUs) and secondary users (SUs) in an underlay CR
network with massive MIMO are derived under perfect and imperfect channel state information (CSI), including the
end-to-end SINR and achievable sum rate. When the numbers of primary base station (PBS) antennas, secondary
base station (SBS) antennas, and relay antennas become infinite, the asymptotic SINR of the kth PU and SU is
independent of fast fading. The interference between the primary network and secondary network can be canceled
asymptotically. Transmission performance does not include the interference temperature. The secondary network
can use its peak power to transmit signals without causing any interference to the primary network. Interestingly,
when the antenna ratio becomes large enough, the asymptotic sum rate equals half of the rate of a single-hop
single-antenna K-user system without fast fading. Next, the PUs’ utility function is defined. The optimal relay
power is derived to maximize the utility function. The numerical results verify our analysis. The relationships
between the transmission rate and the antenna number, relay power, and antenna ratio are simulated. We show that
the massive MIMO with linear pre-coding can mitigate asymptotically the interference in a multi-user underlay CR
network. The primary and secondary networks can operate independently.
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1 Introduction

In recent years, the spectrum scarcity generated
by the evolution of wireless technologies has led us to
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rethink the traditional transmission strategies. Cog-
nitive radio (CR) proposed by Mitola and Maguire
(1999) is considered as a promising solution to this
dilemma. Secondary user (SU) networks can coex-
ist with primary user (PU) networks through op-
portunistic spectrum access, illustrating that the SU
does not affect adversely the PUs’ performance. To
allow for this spectrum sharing, three models have
been considered in the literature: interweave, un-
derlay, and overlay models. In the interweave model,
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SUs sense the availability of spectrum bands that are
not occupied by PUs. This model is highly sensitive
to sensing errors and PU traffic patterns. In the un-
derlay model, SUs transmit signals simultaneously
with the PUs over the same spectrum, illustrating
that the SU received signal power levels at all PU re-
ceivers remain below a predefined threshold (Haykin,
2005; Goldsmith et al., 2009). In the overlay model,
SUs transmit signals simultaneously with the PUs
over the same spectrum, illustrating that the SUs aid
the PUs transmission by cooperative communication
techniques, such as advanced coding or cooperative
relaying techniques (Goldsmith et al., 2009).

Today, massive multi-input multi-output
(MIMO) (Marzetta, 2010) is regarded as the
promising technology for meeting the huge capacity
needed for 5th generation (5G) cellular networks
(Boccardi et al., 2014) due to various advantages
over single-antenna systems, including transmit
diversity, higher data rates, and reliability. The
massive MIMO system contains a large antenna
array at the macrocell base station and can provide
preeminent precoding/beamforming capabilities
(Hosseini et al., 2013; Rusek et al., 2013). Linear
receivers and precoders, such as those based on
the zero forcing (ZF) criteria, have often been
considered, because they offer significantly lower
complexity with tolerable performance (Chen and
Wang, 2007).

The combination of these new technologies has
attracted a lot of researchers’ interest (Manna et al.,
2011; Li et al., 2014; Zhang et al., 2015; Wang et al.,
2017). Wang et al. (2017) explored the potential
benefits of massive MIMO in a spectrum-sharing net-
work. Zhang et al. (2015) investigated the sum rate
gains offered by power allocation strategies in multi-
cell massive MIMO systems, assuming time-division
duplex transmission. Li et al. (2014) proposed a
novel scheme for user scheduling in two-tier networks
with massive MIMO and cognitive femtocell technol-
ogy. Manna et al. (2011) proposed and investigated a
solution for spectrum sharing based on the idea that
SUs could earn spectrum access in exchange for co-
operation with the PUs. Considering that there was
no direct path to the user in the cell edge, the relays
were used to connect remote users. There has been
much related research on dual-hop massive MIMO
systems. The performance of multi-pair one-way re-
lay networks with very large relay antenna arrays was

investigated by deriving the asymptotic signal to in-
terference and noise ratio (SINR) and the spectral
efficiency in Suraweera et al. (2013). Amarasuriya
et al. (2015) studied the asymptotic performance of
multi-pair two-way relay networks (TWRNs) with
massive MIMO-enabled relays by employing linear
precoders/detectors.

The massive MIMO technology will be used
widely in 5G. The frequency may be 3.5 GHz, 5 GHz,
or some higher frequency band, but the spectrum
may not be used fully. The frequency can be reused
by other communication systems, such as wireless
fidelity (Wi-Fi) or industrial Internet. Therefore,
it is essential to discuss the CR network with mas-
sive MIMO. Amarasuriya et al. (2015) studied the
multi-user relay networks with massive MIMO, but
they did not consider the transmission performance
in CR networks. In this study, the downlink trans-
mission of the underlay CR network with massive
MIMO operating at 3.5 GHz is analyzed.

In this study, two different massive MIMO net-
works are analyzed: a relay-aided massive MIMO
network and an underlay CR network with massive
MIMO. The downlink transmission performance of
a relay-aided massive MIMO network is discussed
first. Then the downlink transmission performance
and power allocation strategy in an underlay CR net-
work with massive MIMO are analyzed. In the un-
derlay CR network with massive MIMO, the primary
network is a relay-aided massive MIMO network and
the secondary network reuses opportunistically the
frequency. The asymptotic transmission sum rates of
the PUs and SUs are derived. Then the PUs’ utility
function that relates to relay power and users’ SINR
is maximized by optimizing the relay power.

The notations used in this paper are as follows:
AT, AH, and [A]k,l denote the transpose, Hermitian
transpose, and (k, l)th element of matrix A, respec-
tively. CN (0,Y ) denotes the complex Gaussian dis-
tribution with zero mean and covariance matrix Y .
‖·‖ denotes the Euclidean norm, and Tr(·) denotes
the trace.

2 System model

In this study, two different relay-aided mas-
sive MIMO networks are analyzed. Fig. 1 shows
a brief description of the discussed relay-aided mas-
sive MIMO network and underlay CR network with
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massive MIMO. In the CR network, the macrocell
is the primary network and contains the relays that
transform continuously the information. The sec-
ondary network reuses the frequency. Car network-
ing can be used as a practical example.
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Fig. 1 Simplified diagram of the relay-aided massive
multi-input multi-output cognitive radio networks

The relay-aided massive MIMO network in
Fig. 2 is discussed. The relay-aided massive MIMO
network consists of an NB-antenna BS, an NR-
antenna relay station, and K single-antenna users.
The BS performs the ZF method to precode the
signal s. The relay is an amplify-and-forward half
duplex relay. NB and NR are assumed to be signifi-
cantly larger than K. The numbers of BS antennas
and relay antennas become infinite while keeping a
fixed ratio. The direct path from the BS to the K

users is not available because of the heavy path loss
and shadowing. The additive noise at all the re-
ceivers is modeled as complex zero mean Gaussian
noise.
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Fig. 2 Downlink transmission in the relay-aided mas-
sive multi-input multi-output network

Downlink transmission in the underlay CR net-
work with massive MIMO is analyzed in Section 4.
The primary network is the same as that in the
relay-aided massive MIMO network. As shown in
Fig. 3, the multi-user MIMO primary network con-
sists of a PBS equipped with Np antennas, a relay
equipped with Nr antennas, and K PUs. The sec-
ondary network has a secondary base station (SBS)
equipped with Ns antennas and an SU. All users are
distributed spatially and have only one antenna. Np

and Ns are assumed to be significantly larger than

K. The direct channel between the PBS and PU
is negligible due to the severe transmission impair-
ments, such as heavy path loss and shadowing, but
the channel between the SBS and PU cannot be ig-
nored because the distance is much closer. The relay
just amplifies and transfers the PBS signal. The
network is proposed to have two time slots. In the
first time slot, the PBS transmits the signal s to
the half-duplex relay. In the second time slot, the
relay transmits the signal to the PUs and the SBS
transmits the signal to the SU. This is because the
secondary network is deployed in the edge of the cell
and the PBS cannot reach the SBS in the first time
slot. The transmission scenario is shown in Fig. 3.
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Fig. 3 Downlink transmission in the underlay massive
multi-input multi-output cognitive radio network

3 Downlink transmission in the relay-
aided massive multi-input multi-output
network

In this section, the downlink transmission in
the relay-aided massive MIMO network is discussed.
The main contribution is to derive the downlink
asymptotic SINR and sum rate when the BS and
relay antenna numbers grow without bound while
keeping a fixed ratio. The relay power assigned to
the kth user can be scaled inversely down propor-
tional to NR. By using power distribution criteria,
asymptotic SINR and sum rate expressions are de-
rived. These results are independent of fast fading,
and hence the latency in the air interface can be re-
duced significantly. When the ratio between the BS
antenna number and relay antenna number becomes
large enough, the asymptotic sum rate equals half of
the rate of a single-hop, single-antenna, and K-users
system without fast fading. The transmission perfor-
mance of the relay-aided massive MIMO network is
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independent of the BS-to-relay channel parameters
and is related only to the relay-to-users stage.

3.1 System, channel, and signal model

The channel matrix from the BS to the relay can
be denoted by F and be derived as

F = F̃D
1
2

F , (1)

where F̃ ∼ CNNR×NB (0NR×NB , INR ⊗ INB) ac-
counts for the independent and fast Rayleigh fading,
and DF captures the pathloss and can be defined as
DF = αINB because antenna arrays at the BS and
relay are collocated. Then the channel coefficient
between the nth relay antenna and mth BS antenna
can be expressed as

[F ]n,m =
√
α
[
F̃
]
n,m

, (2)

where n ∈ {1, 2, . . . , NR} and m ∈ {1, 2, . . . , NB}.
The channel matrix from the relay to the users

is denoted by G and can be derived as

G = D
1
2

GG̃, (3)

where G̃ ∼ CNK×NR (0K×NR, IK ⊗ INR) and DG is
a K×K diagonal matrix that captures the pathloss.
Then the channel coefficient between the kth user
and nth relay antenna is expressed as

[G]k,n =
√
βk

[
G̃
]
k,n

, (4)

where n ∈ {1, 2, . . . , NR}. Hence, during the
first time slot, the BS transmits the signal s =

[s1, s2, . . . , sk, . . . , sK ]T to the relay. sk represents
the signal to the kth PU which assumes ε(|sk|2) = 1,
with si and sj (i �= j) being independent of each
other. The received signal vector at the relay can be
written as

yr =
√
PbF

W

‖W ‖F
s+ nr =

√
PbF

K∑
k=1

wksk

‖W ‖F
+ nr,

(5)
where Pb is the BS transmit power. W =

[w1,w2, . . . ,wK ] is the pre-coding matrix which will
be given later. nr is the Gaussian noise vector at
the relay that satisfies ε

[
nrn

H
r
]
= σ2

r Inr . Next, the
relay employs the amplification factor which is de-
signed to constrain the instantaneous transmit power

on its received signal vector. Then the amplification
factor is derived as

Gr =

√√√√ PR

Pb
‖FW ‖2

F

‖W‖2
F

+NRσ2
r

, (6)

where PR is the kth user’s transmit power at the re-
lay, which is equal among the users. Gr must have

a low bound Gr,min. A =
‖FW‖2

F

‖W‖2
F

=
Tr(FWWHFH)

Tr(WWH)

and Eq. (6) can be rewritten as Gr =
√

PR
PBA+NRσ2

r
.

The K users received signals can form a vector.
Therefore, the received users’ vector can be written
as

y = G (Gryr) + nu, (7)

where nu = [n1, n2, . . . , nK ]
T is the noise matrix at

different users’ destination and ε
[
nkn

H
k

]
= σ2

k (k=1,
2, ..., K). In the system, the ZF pre-coding method
is used for the downlink transmission. Therefore, the
pre-coding matrix is given as

W = (GF )H
[
GF (GF )H

]−1

. (8)

By using Eq. (8), the users’ received signal from
the BS can be written in an alternative form as

y =

√
PbGr

‖W ‖F
s+GrGnr+nu. (9)

The kth user’s received signal can be written as

yk = Gr
√

PBGkF
1

‖W ‖F
Wksk

+Gr
√
PBGkF

1

‖W ‖F

K∑
l=1,l �=k

Wlsl

+GrGknr + nk.

(10)

The simplified formula is

yk =

√
PbGr

‖W ‖F
sk+GrGknr+nk. (11)

By using Eq. (11), the kth user’s SINR of the
received signal can be derived as (Amarasuriya et al.,
2015)

γk =
G2

rPb

‖W ‖2F
(
G2

r‖Gk‖2σ2
r + σ2

k

) . (12)

By substituting Eqs. (6) and (8) into Eq. (12)
and performing several mathematical manipulations,
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the SINR of the kth user can be further expanded as

γk = PBPR · {PRσ
2
r
(
GGH)

k,k
Tr

[(
GFFHGH)−1

]

+ PBσ
2
k

[
F

(
GFFHGH)−1

FH
]
k,k

+NRσ
2
kσ

2
r

[(
GFFHGH)−1

]
k,k

}−1
.

(13)

3.2 Asymptotic sum rate analysis

In this section, the sum rate of the relay-aided
massive MIMO network is defined. Then, using the
power distribution criteria at the relay station, the
asymptotic sum rate is derived.

3.2.1 Sum rate definitions

The numbers of BS and relay antennas are as-
sumed to become infinite while keeping a fixed ratio.
The instantaneous and average achievable sum rate
of the relay-aided massive MIMO network can be
defined as

R =
1

2

K∑
k=1

log(1 + γk) and R̄ =
1

2

K∑
k=1

ε{log(1 + γk)},
(14)

where γk is the kth user’s received SINR.

3.2.2 Asymptotic SINR analysis

Asymptotic SINR expression IS derived in
closed-form in this section. The relay power as-
signed to the kth user can be scaled inversely down
proportional to NR as PR = ER/NR, where ER is
fixed. When NR and NB grow without boundary,
a fixed ratio η = NB/NR is maintained. Through
some mathematical calculations (including the law of
large numbers and statistical analysis), the asymp-
totic SINR can be derived as

γ∞
k =

ERβk

σ2
k (1 + σ2

r /(αηPb))
. (15)

Through the above mathematical analysis, the
relay power assigned to the kth user can be scaled
inversely down proportional to NR. The kth user’s
asymptotic SINR is independent of fast fading.

3.2.3 Asymptotic sum rate analysis

When the numbers of BSs and relay antennas
grow without boundary, the asymptotic sum rate

expressions can be derived by substituting Eq. (15)
into Eq. (14), and we can obtain

R∞ =
1

2

K∑
k=1

log

(
1 +

ERβk

σ2
k (1 + σ2

r /(αηPb))

)
. (16)

When the ratio between the numbers of BS
antennas and relay antennas η becomes large
enough, the asymptotic sum rate reduces to R∞ =

1
2

K∑
k=1

log
(
1 + ERβk/σ

2
k

)
, which equals half of the

rate of a single-hop, single-antenna, and K-user sys-
tem without fast fading. The transmission perfor-
mance of the whole system is independent of the
BS-to-relay channel parameters and relates only to
the relay-to-users process.

4 Downlink transmission in the under-
lay cognitive radio network with mas-
sive multi-input multi-output

Because time-division duplex is employed, the
CSI can be reused in the uplink and downlink trans-
mission as channel reciprocity. The perfect and im-
perfect CSIs are investigated separatively. In the
underlay mode, the interference from the secondary
network to the PUs cannot exceed a threshold. The
main contribution in this section is to investigate the
asymptotic user’s SINR and sum rate when the num-
bers of PBSs, SBSs, and relay antennas grow without
boundary while keeping a fixed ratio. The results are
independent of fast fading, and hence the latency in
the air interface can be reduced significantly. The
interference between the primary network and sec-
ondary network is mitigated asymptotically. The
transmission performances of the primary and sec-
ondary networks do not include interference temper-
ature. The secondary network can use its peak power
to transmit signals.

4.1 Cognitive transmission with perfect chan-
nel state information

The PUs’ received SINR with perfect CSI is ex-
plored in this section. The transmission process in
the primary network is the same as that in the previ-
ous section. A relay station is added in the primary
network to assist the PUs’ transmission. The chan-
nel matrix from the PBS to the relay is denoted by
F = F̃D

1/2
F . F̃ ∼ CNNr×Np

(
0Nr×Np , INr ⊗ INp

)
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accounts for the independent and fast Rayleigh fad-
ing. DF captures the path loss and can be defined
as DF = αINp because antenna arrays at the PBS
and relay are collocated.

The channel matrix from the relay to the
PUs is given by G = D

1/2
G G̃. G̃ ∼

CNK×Nr (0K×Nr , IK ⊗ INr) and DG is a K × K

diagonal matrix that captures the path loss. The
kth element of the diagonal is βk. Hence, during
the first time slot, the PBS transmits the signal
s = [s1, s2, . . . , sK ]T to the relay. sk (k=1, 2, ..., K)
represents the signal to the kth PU which satisfies
ε(|sk|2) = 1, with si and sj (i �= j) being indepen-
dent of each other.

The received signal vector at the relay can be
written as

yr =
√
PpF

Wp

‖Wp‖F
s+ nr, (17)

where Pp is the PBS transmit power. Wp is the
pre-coding matrix which will be given later. nr

is the Gaussian noise vector at the relay satisfying
ε
[
nrn

H
r
]
= σ2

r Inr . The relay employs an ampli-
fication factor, which is designed to constrain the
instantaneous transmit power on its received signal
vector. The amplification factor is derived as

Gr =

√√√√ Pr

Pp
‖FWp‖2

F

‖Wp‖2
F

+Nrσ2
r

, (18)

where Pr is the relay transmit power that is assigned
to each antenna. Gr must have a low boundary
Gr,min. The received PUs vector from the PBS can
be written as

yp1 = GGryr + np, (19)

where np = [n1, n2, . . . , nK ]
T is the noise matrix at

different PUs and ε
[
nkn

H
k

]
= σ2

k (k=1, 2, ..., K).
The ZF pre-coding method is used for PU transmis-
sion; hence, the pre-coding matrix is given as

Wp = (GF )
H
[
GF (GF )

H
]−1

. (20)

Substituting Eq. (17) into Eq. (19), the PUs’
received signal from the PBS can be written in an
alternative form as

yp1 =

√
PpGr

‖Wp‖F
s+GrGnr+np. (21)

During the second time slot, the SBS trans-
mits signal x= [x1,x2, . . . , xNS ]

T which satisfies
ε{‖x‖22} = 1, but the transmission signal will inter-
fere with the primary network. The channel matrix
from the SBS to the PUs can be denoted by L and
is given as

L = L̃D
1/2

L , (22)

where L̃ ∼ CNK×Ns (0K×Ns , IK ⊗ INs) and DL is
an Ns ×Ns diagonal matrix. Then the channel coef-
ficient between the kth PU and nth SBS antenna is
denoted as

[L]k,n =
√
tk

[
L̃
]
k,n

, (23)

where n ∈ {1, 2, . . . , Ns}. Therefore, the PUs’ re-
ceived signal vector from the PBS and SBS can be
written as

yp =

√
PpGr

‖Wp‖F s
+GrGnr+

√
PsLWsx+ np, (24)

where Ps is the SBS transmit power. Ws is the pre-
coding matrix in the secondary network which will
be discussed later. Considering the kth PU’s received
signal, the expression can be written as

yp,k =

√
PpGr

‖Wp‖F sk
+GrGknr+

√
PsLkWsx+ nk,

(25)
where Gk is the kth row of G and represents the
channel vector from the relay to the kth PU. Lk is
the kth row of L and represents the channel vector
from the SBS to the kth PU. nk is the noise at the
kth PU’s.

The channel matrix from the SBS to SU is given
by

L′ = L̃′D
′1/2
L , (26)

where L̃′ ∼ CN1×Ns

(
[0, . . . , 0]1×Ns

, [1, . . . , 1]1×Ns

)
represents independent and fast Rayleigh fading.
D′

L captures the path loss and can be defined as
D′

L = μINs . Then the channel coefficient between
the nth SBS antenna and the SU is written as

[L′]n =
√
μ
[
L̃′

]
n
. (27)

The channel matrix from the relay to the SU is
modeled as

G′ = G̃′D
′1/2
G , (28)

where G̃′ ∼ CN1×Nr

(
[0, . . . , 0]1×Nr

, [1, . . . , 1]1×Nr

)
accounts for the independent and fast Rayleigh fad-
ing. D′

G captures the path loss and can be defined as
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D′
G = νINr . Then the channel coefficient between

the nth relay antenna and the SU is denoted as

[G′]n =
√
ν
[
G̃′

]
n
. (29)

The ZF pre-coding method is also used by sec-
ondary network transmission, and the pre-coding
matrix is given by

Ws = (L′)H
[
L′(L′)H

]−1

. (30)

The SU’s received signal from the SBS and PBS
can be modeled as

ys =

√
Ps

‖Ws‖2 x
+GrG

′yr + ns, (31)

where ns is the Gaussian noise at the SU.
By substituting Eq. (17) into Eq. (31), the SU’s

received signal can be derived as

ys =

√
Ps

‖Ws‖2
x+

√
PpGrG

′F
Wp

‖Wp‖F
s+GrG

′nr+ns.

(32)
The interference power at all PUs inflicted by

the SBS must not exceed the maximum peak in-
terference temperature Ip. To prevent the primary
network transmission from harmful interference, the
SBS transmit power is given as

Ps = min{ Ip
Z1

, Pmax}, (33)

where Z1 = max
k

{
|Lk (Ws/‖Ws‖2)|2

}
and Pmax is

the SBS’s peak transmit power.
By using Eqs. (25), (32), and (33) and several

mathematical manipulations, the SINR of the kth

PU can be derived as

γk =
PpG

2
r

‖Wp‖2F
(
G2

rσ
2
r ‖Gk‖22 + Ps|LkWs|2 + σ2

k

) .

(34)
The SINR of the SU can be written as

γs =
Ps

‖Ws‖22
(
G2

rPp
‖G′FWp‖2

2

‖Wp‖2
F

+G2
rσ

2
r ‖G′‖22 + σ2

s

) .

(35)

4.2 Cognitive transmission with imperfect
channel state information

In practice, the channel estimation error will re-
duce significantly system transmission performance

in a massive MIMO network. The channel matrix
has to be estimated by receiving pilot sequences at
the BS. In the uplink pilot transmission of the pri-
mary network, τ1 symbols are used to estimate G and
τ2 symbols are used to estimate F . The correspond-
ing transmit powers of pilot sequences are defined as
τ1Pu and τ2Pu, respectively, where Pu is the users’
uplink transmit power. The minimum mean-square
error (MMSE) estimate of channel matrices in the
primary network is denoted by (Ngo et al., 2013)

F̂ =

(
F +

1√
τ2Pu

NF

)(
1

τ2Pu
D−1

F + INr

)−1

(36)
and

Ĝ =

(
G+

1√
τ1Pu

NG

)(
1

τ1Pu
D−1

G + IK

)−1

.

(37)
In the channel estimation of the secondary net-

work, υ symbols are used to estimate L′. The corre-
sponding transmit power of pilot sequences is defined
as υPu. The channel matrix by MMSE estimation is
derived as

L̂′ =
(
L′ +

1√
υPu

NL′

)(
1

υPu
D−1

L′ + INs

)−1

.

(38)
Therefore, the pre-coding matrices of the pri-

mary network and secondary network are rewritten
as

Ŵp =
(
ĜF̂

)H[
ĜF̂ (ĜF̂ )

H]−1

(39)

and

Ŵs =
(
L̂′

)H
[
L̂′

(
L̂′

)H
]−1

. (40)

The transmission SINR of PUs and the SU un-
der imperfect CSI can be derived by substituting
Eqs. (36)–(40) into Eqs. (34) and (35). This study is
concerned mainly about the downlink transmission
in the underlay CR network with massive MIMO, but
the channel estimation occurs in the uplink. Only the
asymptotic downlink users’ rate under perfect CSI is
discussed.

5 Achievable rate and utility function
analysis in the underlay cognitive ra-
dio network with massive multi-input
multi-output

In this section, the asymptotic transmission per-
formance and utility function are analyzed.



Liu et al. / Front Inform Technol Electron Eng 2018 19(5):674-684 681

5.1 Asymptotic sum rate analysis

Asymptotic sum rates of PUs and the SU
under the perfect CSI are analyzed here. Np, Nr,
and Ns become unlimited while maintaining fixed
ratios η = Np/Nr and ε = Ns/Nr. The relay power
assigned to the kth user can be scaled inversely down
proportional to Nr as Pr = Er/Nr, where Er is fixed.
The SBS power can be scaled down proportional
to Ns because Ps = Es/Ns. The asymptotic SBS
transmit power is considered: lim

Ns→∞
|LkWs|2 =

lim
Ns→∞

Tr
[(

L′L′H
Ns

)−1 (
L′LH

k

Ns

)(
LkL

′H
Ns

)(
L′L′H
Ns

)−1
]

= 0. Therefore, Z1 → 0 and we can obtain

lim
Ns→∞

Ps = Pmax. (41)

When the number of antennas becomes infinite,
the secondary network can use peak power to trans-
form information without causing any interference to
the primary network. The asymptotic SINR of PUs
and the SU can be derived as

γ∞
k =

Erβk

σ2
k (1 + σ2

r / (αηPp))
(42)

and
γ∞
s =

Esμ

σ2
s
. (43)

The proof is the same as that in Section 3. The
results show that the asymptotic transmission per-
formances of the primary and secondary networks
are not related to fast fading. Therefore, the la-
tency in the air interface can be reduced significantly.
The interference between the primary network and
secondary network is canceled asymptotically. The
transmission performances of the primary network
and secondary network do not contain the interfer-
ence temperature.

The instantaneous achievable sum rate of the
underlay CR network with massive MIMO can be
defined as

Rp =
1

2

K∑
k=1

log(1 + γk) (44)

and
Rs = log(1 + γs). (45)

Then, the asymptotic instantaneous achievable
rate of the PUs and the SU can be rewritten as

R∞
p =

1

2

K∑
k=1

log

[
1 +

Erβk

σ2
k (1 + σ2

r /(αηPp))

]
(46)

and
R∞

s = log

(
1 +

Esμ

σ2
s

)
. (47)

For large η, Eq. (46) can change to R∞
p =

1
2

K∑
k=1

log
(
1 + Erβk/σ

2
k

)
. The asymptotic sum rate

of the primary network equals half of the rate of a
single-hop, single-antenna, and K-user system with-
out fast fading or secondary network interference.
The transmission performance of the primary net-
work is independent of the PBS-to-relay channel pa-
rameters and is related only to the relay-to-users
stage.

5.2 Utility function object

In the CR network, the SU reuses opportunisti-
cally the authorized spectrum resource of the PUs.
Li et al. (2017) and Tao et al. (2018) have considered
the SU’s transmission performance but neglected the
PUs’ performance. As the previous analysis shows,
we need to achieve a tradeoff between the relay power
and sum rate in the primary network. To measure
the primary network benefits, the utility function
related to the sum rate and relay power is defined.
Then the PUs’ utility function is maximized by op-
timizing the relay power. ε is assumed to be fixed
and η to be large enough. The utility function can
be defined as

Jk(Er) = ak(γ
∞
k − γ∞

k,min)− b(Er − Eth), (48)

where γ∞
k,min is the kth PU SINR threshold and Eth

is the minimum power in the relay station. There-
fore, the optimization problem with respect to the
primary network can be expressed as

max H =

[
K∑

k=1

ak(γ
∞
k − γ∞

k,min)

]
− b(Er − Eth)

s.t. γ∞
k ≥ γ∞

k,min, ∀ 1 ≤ k ≤ K,

Er ≥ Eth.

(49)
The closed-form expression cannot be derived

immediately. Based on the above hypothesis, we can
obtain

∂H

∂Er
=

{
K∑

k=1

[
ak(γ

∞
k − γ∞

k,min)
∂γ∞

k

∂Er

]}
− b = 0.

(50)
Eq. (50) is a polynomial problem. By substitut-

ing Eq. (42) into Eq. (50), the optimal relay transmit
power Er can be derived easily to maximize the PUs’
utility function.
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6 Numerical results

The simple scenario enables us to validate the
expression of the SINR and the transmission rate of
the PUs and the SU. Then the utility function of the
PUs is discussed based on the same scenario. The
central frequency is 3.45 GHz and the bandwidth is
40 MHz. The large-scale fading coefficients are set
as α = βk = tk = μ = ν = 1, ∀ 1 ≤ k ≤ K. The
noises at different places are set as σ2

r = σ2
k = σ2

s =

1, ∀ 1 ≤ k ≤ K.
The relay-aided massive MIMO network with-

out CR is simulated first. The practical transmission
path loss model is considered in the simulation. The
transmission distances dF = 10 m and dG = 10 m
are assumed. Fig. 4 shows the relationship between
the users’ asymptotic sum rate and the relay power.
As the relay power Er grows, the users’ asymptotic
sum rate increases. More BS power will lead to a
higher asymptotic rate, but there is a limit (Fig. 4).
Compared to increased relay power, an increase in
the BS power is not that useful. The relationship
between the asymptotic sum rate and antenna ratio
η is shown in Fig. 5. As the ratio grows, the asymp-
totic sum rate increases. When the ratio between
the BS antenna number and relay antenna number η
becomes large enough, there is a limit (Fig. 5).

0 10 20 30 40 50
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 

 

P ＝5 dBm
P ＝2 dBm
P ＝1 dBm

P  goes to 
P ＝10 dBm

Relay station power, ER (dBm)

As
ym

pt
ot

ic
 s

um
 ra

te
, R

∞
 (b

it/
(s

·H
z)

)

∞

Fig. 4 Asymptotic sum rate versus relay station
power for K=2 and η=1 in the massive multi-input
multi-output relay network

Then the underlay CR network with massive
MIMO is discussed. In the simulation, the practi-
cal transmission pathloss model is considered. The
powers of the PBS, relay, and SBS are set as Pp =

23 dBm, Er = 27 dBm, and Es = 20 dBm, respec-
tively. The ratios between the antenna numbers are
assumed as η = 1 and ε = 2. The transmission

distances dF = 10 m, dG = 10 m, dL′ = 10 m,
dL = 20 m, and dG′ = 20 m are supposed. The
numbers of PUs are set as K = 2 and K = 3. Fig. 6
shows the sum rate differences between the asymp-
totic theoretical analysis and the practical transmis-
sion pathloss model. As the number of PBS antennas
grows, the sum rates of the PUs and SU in this prac-
tical scenario tend to the theoretical analysis. The
SU asymptotic theoretical analysis has no relation-
ship with the primary network parameters, such as
K and interference temperature Ip.
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Fig. 5 Asymptotic sum rate versus the antenna ratio
for K=2 and ER=100 dBm in the massive multi-input
multi-output relay network
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Fig. 6 Sum rate of users versus the relay antenna
number in the relay underlay cognitive radio network
with massive multi-input multi-output

The relationship between the PUs’ asymptotic
sum rate and relay station power is shown in Fig. 7.
The power of the SBS is set as Es = 20 dBm. The
antenna number ratios and transmission distance are
assumed as η = 1, ε = 2, dF = 10 m, dG = 10 m,
dL′ = 10 m, dL = 20 m, and dG′ = 20 m. The
number of PUs is set as K = 2. The same holds for
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the relay-aided massive MIMO network without CR;
the asymptotic sum rate increases as the relay power
grows. When the PBS power becomes infinite, the
asymptotic sum rate tends to a limit (Fig. 7).
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Fig. 7 Asymptotic sum rate of primary users versus
relay station power in the relay underlay cognitive
radio network with massive multi-input multi-output

The secondary network transmission rate ver-
sus the SBS antenna number is simulated. The
practical transmission path loss model is employed.
The PBS and relay powers are set as Pp = 23 dBm
and Er = 27 dBm, respectively. The antenna num-
ber ratios, transmission distance, and number of PUs
are assumed as η = 1, ε = 2, dF = 10 m, dG = 10 m,
dL′ = 10 m, dL = 20 m, dG′ = 20 m, and K = 2.
Fig. 8 shows the relationship between the SU trans-
mission rate and SBS antenna number. As the SBS
antenna number grows, the sum rate of the SU in
the practical scenario tends toward the theoretical
analysis.
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Fig. 8 Secondary user transmission rate versus the
number of secondary base station antennas in the re-
lay underlay cognitive radio network with massive
multi-input multi-output

Finally, the utility function in the primary net-
work is simulated. Transmission parameters are set
as K = 2, a1 = a2 = 1

2 , b = 1, γ1,min = γ2,min = 2,
Pth = 5 dBm. Fig. 9 shows the optimal relay power
(21.6 dBm) to maximize the utility function. As the
relay power grows, the utility function decreases af-
ter an initial increase, because as the relay power
increases, the sum rate causes more utility increase
in the first stage, but when the relay power exceeds
an optimal value, the relay power’s increase causes
a greater decrease in utility. Therefore, as the relay
power grows, the utility function increases first and
then decreases.
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Fig. 9 Primary users’ utility function versus relay
power in the relay underlay cognitive radio network
with massive multi-input multi-output

7 Conclusions

In this paper, transmission performance in a
relay-aided massive MIMO network without CR was
discussed. Then the transmission performance and
power allocation strategy in an underlay CR network
with massive MIMO were analyzed. The cognitive
transmission performances of PUs, an SU under per-
fect CSI, and imperfect CSI were derived, including
the end-to-end SINR and achievable sum rate. When
the numbers of PBS antennas, SBS antennas, and re-
lay antennas became infinite, the asymptotic SINR
was independent of fast fading. The interference be-
tween the primary network and secondary network
was canceled asymptotically. The transmission per-
formance did not include the interference temper-
ature. The secondary network could use its peak
power to transmit signals without causing any inter-
ference to the primary network. Interestingly, when
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the antenna ratio became large enough, the asymp-
totic sum rate of the primary network equaled half of
the rate of a single-hop, single-antenna, and K-user
network without fast fading. The PUs’ utility func-
tion was defined based on relay power and the the
asymptotic SINR of PUs. The utility function was
maximized by optimizing the relay power. Finally,
the relationships between the asymptotic sum rate
and relay power, the number of relay antennas, and
the antenna ratio were simulated. The maximiza-
tion of the utility function was derived with optimal
relay power. It was shown that the massive MIMO
with linear pre-coding could cancel asymptotically
the interference between the primary network and
secondary network in the multi-user underlay relay-
aided CR system.

References
Amarasuriya G, Poor HV, 2015. Multi-user relay networks

with massive MIMO. IEEE Int Conf on Communica-
tions, p.2017-2023.
https://doi.org/10.1109/ICC.2015.7248622

Boccardi F, Heath R, Lozano A, et al., 2014. Five disruptive
technology directions for 5G. IEEE Commun Mag,
52(2):74-80.
https://doi.org/10.1109/MCOM.2014.6736746

Chen C, Wang L, 2007. Performance analysis of scheduling
in multiuser MIMO systems with zero-forcing receivers.
IEEE J Sel Area Commun, 25(7):1435-1445.
https://doi.org/10.1109/JSAC.2007.070916

Goldsmith A, Jafar S, Maric I, et al., 2009. Breaking spec-
trum gridlock with cognitive radios: an information
theoretic perspective. Proc IEEE, 97(5):894-914.
https://doi.org/10.1109/JPROC.2009.2015717

Haykin S, 2005. Cognitive radio: brain-empowered wireless
communications. IEEE J Sel Area Commun, 23(2):201-
220. https://doi.org/10.1109/JSAC.2004.839380

Hosseini K, Hoydis J, Ten Brink S, et al., 2013. Massive
MIMO and small cells: how to densify heterogeneous
networks. IEEE Int Conf on Communications, p.5442-
5447. https://doi.org/10.1109/ICC.2013.6655455

Li JZ, Ai Bo, He RS, et al., 2017. Indoor massive multiple-
input multiple-output channel characterization and per-
formance evaluation. Front Inform Technol Electron
Eng, 18(6):773-787.
https://doi.org/10.1631/FITEE.1700021

Li Y, Zhu G, Du X, 2014. Aligning guard zones of massive
MIMO in cognitive femtocell networks. IEEE Commun
Lett, 18(2):229-232.
https://doi.org/10.1109/LCOMM.2013.123113.131913

Manna R, Louie R, Li Y, et al., 2011. Cooperative spectrum
sharing in cognitive radio networks with multiple an-
tennas. IEEE Trans Signal Process, 59(11):5509-5522.
https://doi.org/doi:10.1109/TSP.2011.2163068

Marzetta T, 2010. Noncooperative cellular wireless with
unlimited numbers of base station antennas. IEEE
Trans Wirel Commun, 9(11):3590-3600.
https://doi.org/10.1109/TWC.2010.092810.091092

Mitola J, Maguire G, 1999. Cognitive radio: making software
radios more personal. IEEE Pers Commun, 6(4):13-18.
https://doi.org/10.1109/98.788210

Ngo H, Larsson E, Marzetta T, 2013. Energy and spectral
efficiency of very large multiuser MIMO systems. IEEE
Trans Commun, 61(4):1436-1449.
https://doi.org/10.1109/TCOMM.2013.020413.110848

Rusek F, Persson D, Lau BK, et al., 2013. Scaling up
MIMO: opportunities and challenges with very large
arrays. IEEE Trans Signal Process Mag, 30(1):40-60.
https://doi.org/10.1109/MSP.2011.2178495

Suraweera H, Ngo H, Duong T, et al., 2013. Multi-pair
amplify-and-forward relaying with very large antenna
arrays. IEEE Int Conf on Communications, p.4635-
4640. https://doi.org/10.1109/ICC.2013.6655302

Tao YZ, Wu CY, Huang YZ, et al., 2018. A projected
gradient based game theoretic approach for multi-user
power control in cognitive radio network. Front Inform
Technol Electron Eng, 19(3):367-378.
https://doi.org/10.1631/FITEE.1700067

Wang L, Ngo H, Elkashlan M, et al., 2017. Massive MIMO in
spectrum sharing networks: achievable rate and power
efficiency. IEEE Syst J, 11(1):20-31.
https://doi.org/10.1109/JSYST.2015.2449289

Zhang Q, Jin S, McKay M, et al., 2015. Power allocation
schemes for multicell massive MIMO systems. IEEE
Trans Wirel Commun, 14(11):5941-5955.
https://doi.org/10.1109/TWC.2015.2444856


	Introduction
	System model
	Downlink transmission in the relay-aided massive multi-input multi-output network
	System, channel, and signal model
	Asymptotic sum rate analysis
	Sum rate definitions
	Asymptotic SINR analysis
	Asymptotic sum rate analysis


	Downlink transmission in the underlay cognitive radio network with massive multi-input multi-output
	Cognitive transmission with perfect channel state information
	Cognitive transmission with imperfect channel state information

	Achievable rate and utility function analysis in the underlay cognitive radio network with massive multi-input multi-output
	Asymptotic sum rate analysis
	Utility function object

	Numerical results
	Conclusions

