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Abstract

In this paper, the entire network model is a hybrid wireless network model in which each base station is connected
to each other via a wired link. On this basis, we place a large number of antennas (massive MIMO) at each base station
to serve a single terminal in the downlink scenario, and we research the outage capacity and ergodic capacity in this
scenario. The result of this paper is that the expressions for ergodic throughput capacity, outage probability,
and outage throughput capacity have been derived under the favorable propagation condition. Through simulation,
we can see the trend of outage throughput capacity and ergodic throughput capacity.
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1 Introduction
Because of the decentralized nature of ad hoc networks,
nodes can join the network flexibly, but the problem
with ad hoc networks have become apparent over long
distances transmission due to lack of the infrastructure
support. In this regard, in order to better combine both
ad hoc and infrastructure advantages, hybrid wireless
networks came into being [1]. In [2], Gupta and Kumar
initiated the research on scaling law of large self-organizing
networks and proposed the concept of scaling law. This
research also promoted the research on the throughput
capacity of hybrid wireless networks. In [3], T. L. Marzetta
initiated the research of massive MIMO and found that
using a wireless antenna system at the base station can
completely eliminate the effects of uncorrelated receiver
noise and fast fading, and the transmission of terminals
within its own cell is not affected. In [4], the scaling law of
throughput capacity of hybrid wireless network based on
Nakagami-m fading channel is studied. In the uplink trans-
mission phase, an optimal multiple access technique allows
opportunistic sources to transmit concurrently with the
scheduled source, and successive interference cancellation
(SIC) strategy is then applied at the receiver to limit
the intra-cell interference. However, in the downlink

transmission phase, neither of the two technologies in
the uplink transmission phase can play a role, only
one antenna is located at the base station and the re-
ceiving terminal respectively. In order to break the
bottleneck of throughput capacity in the downlink
transmission scenario in [4], the authors placed a
point-to-point MIMO system on the base station [5].
In [6], the author analyzed the uplink outage through-
put capacity of hybrid wireless networks with massive
MIMO under the favorable propagation condition, where
the K terminals wrap around the base station at the same
distance. According to [5, 6], Massive MIMO can fully
address the shortcomings of point-to-point MIMO, and
under the favorable propagation condition, massive
MIMO greatly mitigates the small scale-fading effect.
So we think of throughput capacity change when the
base station is equipped with a large number of antennas
(massive MIMO), downlink services to a single terminal
under the favorable propagation condition.
The rest of the paper is arranged as follows. In Section 2,

we introduce the established hybrid wireless network
model. In Section 3, we get the approximate rate of down-
link transmission with massive MIMO under the favorable
propagation condition. In Section 4 and Section 5, we
obtain the expressions of outage probability, outage cap-
acity, and ergodic capacity, respectively. In Section 6, the
whole paper is summarized.
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2 Hybrid wireless network model
In order to facilitate the following analysis, we introduce
the hybrid wireless network model as follows:

1. The entire network consists of b base stations and n
nodes, each cell is assigned a base station, and each
base station is placed in the center of the cell; n
nodes are evenly distributed in b cells; the distance
between parallel edges of each cell is c ¼

ffiffiffiffiffiffiffiffiffi
2
ffiffi
3

p
3

n
b

q
.

2. The paper [7] shows that in order to obtain the
gains provided by the infrastructure, b ¼ Oð n

lognÞ is
the most basic condition.

3. We assume that the number of nodes in each cell is
limited to K, and the proof method of K in the
square model is provided in [8]; by the
approximation of this method, we can also prove
that the number of nodes in the hexagon model cell
is K ¼ ΘðnbÞ.

4. We analyze the throughput capacity in the
downlink transmission scenario; a large number of
antennas (massive MIMO) at the base station send
data to a single receiving terminal in the cell at the
same time.

The hybrid wireless network model is shown in Fig. 1.

3 Downlink asymptotic rate with massive MIMO
In [9], when the number of antennas M on the base
station is much larger than the number of receiving
terminals K, we call such a transmission mode the
most favorable propagation condition. Under the most
favorable propagation condition, the column vectors of
the propagation matrix are asymptotically orthogonal,

GHG
M

� �
M>>K

¼ D
1
2
β

HHH
M

� �
M>>K

D
1
2
β ≈ Dβ ð1Þ

where G represents the M ×K propagation matrix, which
consists of a small-scale fading matrix H and a large-scale
fading diagonal matrix D

1
2
β (the H in the upper right corner

represents the conjugate transpose).
In the downlink transmission, the propagation matrix

GT is the transpose of the uplink propagation matrix G,
and the downlink model can be expressed as

xd ¼ ffiffiffiffiffi
ρd

p
GTsd þ Nd ð2Þ

where sd is an M × 1 vector transmitted by the M anten-
nas, xd is a K × 1 vector received by K terminals, Nd is
the noise vector whose components are independent
and distributed with Nd~CN(0, 1), and ρd is proportional
to SNR. The total power in the downlink transmission is
independent of the number of antennas; to facilitate the
analysis, we assume the total power is one

E sdk k2� � ¼ 1 ð3Þ

When both the base station and the receiving termi-
nals have known the information of channel state, the
base station serves K terminals in the downlink trans-
mission. In order to obtain the sum capacity, we need to
make a constrained optimization first,

Csum−d ¼ max
pkf g

log2 det IM þ ρdGDpG
H

� � ð4Þ

XK
k¼1

pk ¼ 1; pk ≥0 ð5Þ

where Dp is a diagonal matrix whose diagonal elements
constitute a K × 1 vector p. The power limit is given by
Eq. (5), and the sum power is limited to 1. In the case of
satisfying the best power of each terminal, we can get the
sum rate under the favorable propagation condition as

Csum−d−M>>K ¼ max
pkf g

log2 det IK þ ρdD
1
2
pGHGD

1
2
p

	 

ð6Þ

Csum−d−M>>K ¼
XK

k¼1
log2 1þMρdpkβk

� � ð7Þ

where pk represents the optimal power allocated for each
node after power constraint optimization, andβk repre-
sents the large-scale fading coefficient. According to [10],
we can define βk with the following equation

βk ¼ φd−α
k ζk ð8Þ

where φ is a constant related to the antenna gain and car-
rier frequency, dk is the distance between the base station

Fig. 1 Hexagon cell with distance c between parallel sides
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and kth terminal, α is the path loss exponent, and ζk is the
log-normal shadowing with 10 log10ζk � Nð0; σ2kÞ.
According to the above analysis, in order to achieve

the purpose of this paper, we can get the throughput
capacity expression by combining Eq. (7) and Eq. (8). So,
the throughput capacity expression is

C ¼ log2 1þMρdφd
−αζ

� � ð9Þ

4 Outage probability and outage capacity
The outage capacity is the maximum transmission rate
that the system can achieve for a given outage probability
[11]. In [4], in the downlink transmission phase, neither
the optimal multiple access technique nor successive
interference cancellation (SIC) strategy is allowed, each
node outage capacity over Nakagami-m fading channel

scales as Θðbn logðε 1
m n
bÞW 2Þ under infrastructure mode.

Applying massive MIMO to hybrid wireless networks, the
channel capacity under infrastructure mode will be signifi-
cantly different from that in [4, 5].
According to our above analysis, we can define the

outage probability as

Pout ¼ Pr log2 1þMρdφd
−αζ

� �
< R

� � ð10Þ
In the case of low SNR, we use the approximation

ln(1 + x) ≈ x to calculate the outage probability as follows

Pout ¼ Pr loge2Mρdφd
−αζ < R

� � ð11Þ
We define a new variable T, where the variable T = d−αζ

Pout ¼ Pr T <
R

loge2Mρdφ

� �
ð12Þ

The shadow fading ζ satisfies the log-normal distribu-
tion with 10log10ζ~N(0, σ

2), so the variable T we defined
is also satisfied with the log-normal distribution with
10log10T~N(μ, σ

2) and μ = 10log10d
−α. According to the

log-normal probability density function (pdf), we can get
the outage probability as

Pout ¼
Z S

0

10

ln10
ffiffiffiffiffiffi
2π

p
σT

e−
10 log10T−μð Þ2

2σ2 dT ð13Þ

S ¼ R
loge2Mρdφ

ð14Þ

According to the nature of the log-normal distribution,
the outage probability is represented by the complemen-
tary error function as

Pout ¼ 1
2

erfc −
10 log10S‐μ

σ
ffiffiffi
2

p
� �

ð15Þ

In [12], we can get a tight exponential upper bound of
the complementary error function and a pure exponential

approximation for the complementary error function, as
follows

erfc xð Þ ≈ 1
6
e−x

2 þ 1
2
e−

4
3x

2
; x > 0 ð16Þ

erfc xð Þ≤ 1
2
e−2x

2 þ 1
2
e−x

2
≤e−x

2
; x > 0 ð17Þ

The precondition for obtaining the outage capacity is
Pout = ε. In the approximation by Eq. (16), we create a

new variable S' and S
0 ¼ e−ð−

10 log10S−μ

σ
ffiffi
2

p Þ2 . Substituting S' to
Eq. (17), the upper bound of the outage probability we
can get is

Pout≤
1
2

1
2

S
0

	 
2
þ 1
2
S

0
� �

¼ ε ð18Þ

S
0 ¼ −1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 16ε
p

2
ð19Þ

When ε < 1
2 , Eq. (19) is satisfied. Based on the above

analysis, we can get the outage throughput capacity ex-
pression at low SNR as follows

Cε ¼ loge2Mρdφ10

μ−σ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

−1þ ffiffiffiffiffiffiffi
1þ16ε

p

	 
r
10 ð20Þ

Since the scalar ρd is proportional to SNR, in the fol-
lowing simulation, we consider the change of outage
capacity with ρd.
Simulation results are shown in Fig. 2.
In the case of high SNR, we use the approximation

log(1 + x) = log(x) to calculate the outage probability as
follows

Fig. 2 Downlink outage capacity at low SNR
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Pout ¼ Pr log2 Mρdφd
−αζ

� �
< R

� � ð21Þ

Here, we define a new variable X and X = log2(Mρdφd
−αζ).

The variable ζ obeys the log-normal distribution with
10log10ζ~N(0, σ

2). By changing the formula for logarithms
and a series of calculations, we find that the new
variable X is a random variable that satisfies the normal
distribution with X � NðμX ; σ2XÞ . The values of μX and
σX are respectively as follows

μX ¼ log2 Mρdφd
−α� � ð22Þ

σ2X ¼ σ
10log102

� �2

ð23Þ

Similarly, in the way we analyzed before, we can get
the following equations of outage probability

Pout ¼ Pr X < Rf g ð24Þ

Pout ¼ ε ¼ 1
2

erfc −
R−μX
σX

ffiffiffi
2

p
� �

ð25Þ

Equation (25) is satisfied when ε < 1
2, so we can get the

outage throughput capacity expression at high SNR:

Cε ¼ μX−σX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln

2

−1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 16ε

p
� �s

ð26Þ

By combining Eq. (22), Eq. (23), and Eq. (26), we can get

Cε ¼ log2 Mρdφd
−α� �

−
σ

10log102

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln

2

−1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 16ε

p
� �s

ð27Þ

Simulation results are shown in Fig. 3.

5 Ergodic capacity
Ergodic capacity refers to the time average of the max-
imum information rate of random channels in all fading
states [13]. In [14], in the downlink transmission phase,
the successive interference cancellation strategy (SIC) is
not feasible, the per-node ergodic throughput capacity
over Nakagami-m fading channel at low SINR scales as
Θ(W2) under the infrastructure transmission mode, and
the per-node ergodic throughput capacity at high SINR
is Θðbn logð 1m � nbÞW 2Þ (W2 is the bandwidth allocated for
the downlink transmission; m is the shape parameter).
In [15], the change of ergodic throughput capacity under
the infrastructure transmission mode with distributed
base stations (DBS) is analyzed. The ergodic capacity
gain of the hybrid wireless network with distributed base
stations is N ×NBS that compared to the traditional hybrid
wireless network (N is the number of distributed base sta-
tions; NBS is the number of antennas placed at the base
station). Based on the previous analysis, what will happen
to the ergodic throughput capacity under the infrastruc-
ture transmission mode when a large number of antennas
(massive MIMO) are placed at the base station?
According to the above Eq. (9), we define �C on behalf

of the ergodic capacity; the expression of the downlink
ergodic capacity is as follows

�C ¼ E log2 1þMρdφd
−αζ

� � � ð28Þ

Similarly, in the previous analysis, at low SNR, we ap-
proximate ln(1 + x) ≈ x, then we can get the expression
of the ergodic capacity as

�C ¼ E loge2MρdφW
 � ð29Þ

where W is the same as the variable T defined in
Eq. (12) above. According to the means of averaging, we
can get

E Wð Þ ¼ 10ffiffiffiffiffiffi
2π

p
σ ln10

Z þ∞

−∞
e

10 lgW−μð Þ2
2σ2 dW ð30Þ

By transforming 10 lgW−μ
σ to Z, making integral to the

expression again, we can get

E Wð Þ ¼ 10
μþ10
10 e

σ2
100 ð31Þ

Combining Eq. (29) and Eq. (31), the ergodic through-
put capacity at low SNR is

�C ¼ loge2Mρdφ10
μþ10
10 e

σ2
100 ð32Þ

Simulation results are shown in Fig. 4.
At high SNR, using the approximation log(1 + x) =

log(x), we can get the following ergodic throughput cap-
acity expression

Fig. 3 Downlink outage capacity at high SNR
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�C ¼ E log2 Mρdφd
−αζ

� � � ð33Þ

As with the method of analyzing the outage capacity
at high SNR, we also define log2(Mρdφd

−αζ) as the
variable X above, we can get

�C ¼ μX ¼ log2 Mρdφd
−α� � ð34Þ

Simulation results are shown in Fig. 5.

6 Conclusions
In this paper, we mainly analyzed the downlink transmis-
sion throughput capacity of the hybrid wireless network
with massive MIMO under the favorable propagation con-
dition. Under the favorable propagation condition, the col-
umn vectors of the propagation matrix are asymptotically

orthogonal, and large-scale fading became the dominant
factor. From the above analysis, we derived the closed ex-
pressions of the outage throughput capacity and the erg-
odic throughput capacity (low SNR and high SNR) in the
downlink transmission scenario when the base station is
placed with massive MIMO. With the help of simulation,
we can find that when the number of antennas M at the
base station increase, the outage throughput capacity and
the ergodic throughput capacity also increase, but the ex-
tent of growth is different.
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