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In this paper, we investigate the per-tier outage probability of multiuser multiple-input multiple-output (MU-MIMO) trans-
missions in heterogeneous networks (HetNets) with joint interference constraint. In the tier of cellular cell, user equipment (UE)
is required to report measured channel information and the base station (BS) adopts ZF-based precoding MU-MIMO trans-
mission to achieve multiuser diversity gain. With the constraint of cross-tier interference and unpredicted inter-beam inter-
ference, we derive the closed-form expression of outage probability of downlink MU-MIMO transmissions. Considering the
capacity of nodes in the tier of ad hoc networks, a max-SINR scheduler and codebook-based MU-MIMO transmission are
employed. The scheduler selects the best receiving nodes for each beam in predefined codebook according to measured signal to
interference plus noise ratio (SINR), and the transmitting node performs data transmissions using orthogonal beams. In the
presence of inter-node interference, inter-beam interference, and cross-tier interference, we obtain the closed-form expression of
outage probability of MU-MIMO transmissions when downlink or uplink transmissions occur in cellular cell. Additionally, in
case that the outage probability in ad hoc networks should satisfy quality of service (QoS) requirement, a restricted area in cellular
cell in which the outage probability in ad hoc networks is not greater than a required threshold is explored. Numerical results show
that the unpredictable inter-beam interference in cellular cell degrades the outage probability slightly. The restricted area increases

with the outage probability threshold.

1. Introduction

Wireless ad hoc network is an autonomous network con-
sisting of a collection of peer nodes equipped with wireless
transceiver. The nodes communicate with each other directly
or by multihop link with the help of intermediate nodes. Due
to the flexible structure, ad hoc networks have attracted a lot
of attention in different application areas, such as military
battlefield [1], emergency mission, postdisaster recon-
struction [2], and vehicular communication [3]. In this
paper, the temporary ad hoc networks without infrastruc-
ture and the widely deployed cellular cells constitute Het-
Nets [4], as shown in Figure 1.

Due to the scarcity of frequency resource and lack of
coordination, the HetNets usually share the same channels.
The occurrence of cross-tier interference with each other is

inevitable. In order to lower the impact on the performance
of the coexisting system, some interference coordination
schemes, such as spectrum allocation, power control, and
interference cancellation, have been studied in prior works
[5-7]. Since there are several transmitting nodes in the ad
hoc networks that send data on the same channels simul-
taneously, a receiving node experiences the inter-node in-
terference signal from other transmitting nodes additionally.
The effect of inter-node interference signal was investigated
in [8].

With the goal of improving the performance of HetNets,
MU-MIMO technology has been employed. Due to its ex-
tremely high spectral efficiency, MU-MIMO has received a
significant attention [9-11]. In the 3rd Generation Part-
nership Project (3GPP) Long-Term Evolution-Advanced
(LTE-A) [12] and IEEE 802.11ac [13], the MU-MIMO has
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FIGURE 1: HetNet consisting of cellular cell and ad hoc network with MU-MIMO transmissions.

been adopted. In MU-MIMO transmissions, according to
the measured information feedback from receivers, the
forward transmission could be achieved in different ways. In
the first way, the receivers perform channel information
measurement and feed back the measured information to
the transmitter. The scheduler selects the matching receivers
and assigns orthogonal beams. Then, the transmitter sends
data to the selected receivers using the assigned beams. The
precoding matrixes of beamforms are calculated according
to the feedback channel information by some algorithms,
such as SVD [14], block diagonalization [15], zero-forcing
(ZF) precoding, and dirty-paper coding [16]. In the second
way, the precoding matrixes are predefined in codebook. The
receivers perform the SINR measurement for each pre-
defined beam and report the measured SINRs to the
transmitter. The max-SINR scheduler selects the best re-
ceivers for each beam according to the reported SINRs [17].
Then, the transmitter simultaneously transmits data to the
selected receivers, using orthogonal random beams.

The first way is applicable to the situation that the
transmitter could get the full channel information. In case of
perfect channel state information (CSI), the beams for each
receiver keep orthogonal in data transmission phase. If
perfect CSI could not be obtained due to some reasons, such
as quantization error, the beams interfere with each other. In
the second way, since the max-SINR scheduler does not need
perfect CSI, the beam for a selected receiver may mismatch
with its forward channel in data transmission phase. Hence,
the beams for each receiver interfere with each other. The
inter-beam interference impairs the performance of MU-
MIMO transmissions inevitably.

Moreover, the cross-tier interference signal that a re-
ceiving node suffers may come from the cellular BS in a
downlink interval. Because the transmitting power of BS is
much greater than that of a transmitting node, the receiving
nodes close to the BS may experience a high outage prob-
ability which could not satisfy the QoS requirements. This
means that there is a performance restricted area around the
BS in which the outage probability of a receiving node

exceeds a required threshold. The area of the restricted area
is worth exploring.

Motivated by the discussion above, in the paper, we
evaluate per-tier outage probability performance of MU-
MIMO transmissions with joint interference constraint in
HetNets. Our main contributions are given as follows:

(i) We adopt different MU-MIMO transmission
models in cellular cell and ad hoc networks
according to the capacity of equipment and the
complexity of network structure. The models have
different complexities and  transmission
performances.

(ii) We derive per-tier closed-form outage probability
of MU-MIMO transmissions with the joint inter-
ference constraint.

(iii) We explore the restricted area in cellular cell in
which the outage probability of the MU-MIMO
transmissions in ad hoc networks could not satisfy
QoS requirements.

The remainder of the paper is structured as follows.
Section 2 gives network model and transmission model.
Section 3 derives per-tier outage probability of MU-MIMO
transmissions in the presence of joint interference. Section 4
explores the restricted area in cellular cell. Section 5 de-
scribes the numerical results. Finally, Section 6 gives the
conclusions.

2. System Model

We assume a HetNet consisting of a time division multi-
plexing access (TDMA) cellular system and coexisting ad
hoc networks in this paper.

2.1. Network Model. In cellular cell, the cellular BS B, at the
center serves a circle area. The UEs are distributed in the
coverage of B, according to a spatial Poisson point process
(SPPP) with intensity A.. Hence, the UEs are denoted as
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Y(A) = {Zv/}’ where Z,, is the position of UE y € Z,,. The
model has been used, and the validity has been confirmed in
prior works [18-20].

In coexisting ad hoc networks, we assume that the
ALOHA slotted protocol is adopted [21]. In each slot, a
subset of nodes transmits data on the same channel si-
multaneously. The transmitting nodes are assumed to be
distributed according to a SPPP with intensity A ;. Similarly,
the transmitting nodes are denoted as ® (A f) = {Zq,}.

2.2. Transmission Model. The BS B, and the transmitting
nodes in ad hoc networks are assumed to be equipped with
N, and N f transmitting antennas, respectively, and the
receivers are assumed to be equipped with single receiving
antenna.

In cellular cell, the CSI feedback is widely employed, as in
the LTE system. It is easy for the BS to obtain the feedback
CSI from UE, and thus the linear ZF-based precoding
transmission is assumed to be applied in downlink interval
due to its low complexity. With ZF-based precoding
transmission, the BS B, chooses its precoding matrix
W e CNo*Ke = [w,],_;x as the normalized columns of the
pseudo-inverse H* (HH*)™' € CNKe, where H"represents
the conjugate transpose of H and K, (1 < K, < N_) is number
of selected UEs. In the data transmission phase, the BS
transmits data to the selected UE wusing the
beamsw; (i = 1,2, ..., K_). The total power of BS is assumed
to be P.. In uplink interval of cellular cell, all scheduled UEs

send data packet to the BS simultaneously with the same
power P,

Considering that the processing capacity of ad hoc node
is weaker than that of cellular BS, the real-time calculation of
precoding matrixes could not be achieved. Hence, the
codebook-based MU-MIMO transmission with finite-rate
feedback is adopted in ad hoc networks. In each slot, the
max-SINR  scheduler of transmitting node selects
Ky (1< Ky< Nf) receiving nodes for each beam based on
measured SINRs. In the data transmission phase, the
transmitting node transmits data to the selected receiving
nodes simultaneously, using random orthogonal beams
vi(k=1,2,... ,Kf) [17]. The total power of a transmitting
node is assumed to be Py.

3. Per-Tier Outage Probability Evaluation

In this section, we evaluate per-tier outage probability of
MU-MIMO transmissions with joint interference constraint
and give the closed-form expressions of outage probability.

3.1. Outage Probability of Downlink MU-MIMO Transmissions
in Cellular Cell. We assume that UE i is located at the origin.
In downlink interval, the UE i suffers the unpredicted inter-
beam interference signal and cross-tier interference signal.
Hence, the instantaneous received signal for the UE i is
denoted as

,PC - P. / T
)/i = fDI ‘xhinisi + ¢ A Z ‘ FDI ahII_IW]SJ + Z Pf|Zf' gf>isf +T’li,
J° jeKgj#i ¢ feo (1)

desired signal

inter—beam interference signal

cross—tier interference signal

where h; € CN! is the channel gain vector between UE i
and the BS Bj, whose entries follow complex Gaussian
distribution h; ; ~ CN(0,1). Similarly, g;; is the channel
gain between UE i and a transmitting node in ad hoc
networks. s; is the symbol vector for UE i. n; represents the
additive white Gaussian noise (AWGN) with zero mean and
variance of 2. ¢ is a switching variable. In case of perfect CSI
or K, =1, ¢ = 0. Otherwise, ¢ = 1.

It is obvious that the system is an interference-limited
system. Hence, the effect of thermal noise could be ignored
for analysis simplicity. The instantaneous received SINR is
denoted as

P,D;*/K bl 'w,
i = “ a2 “a 2
¢ (P.D; /Kc)ZjeKc,j¢i|hi Wj' +PfoeCD|Zf gf,i'
8
¢ g + Iyy
(2)

where 9 = P.D;%/K,. The random variables S = [h7w;|*
and I = Z]-EKU]-#Ihf"wjl2 are chi-square random vari-
ables with 2(N, - K, + 1) and 2(K_ — 1) degrees of free-
dom, respectively. The random variable
Ior = szfeq)IZfI""Igf’kl2 represents the power of cross-
tier interference signal.

The outage probability of an MU-MIMO transmission is
defined as the probability that instantaneous received SINR
does not exceed the required SINR threshold. Assuming that
the SINR threshold of cellular cell is y, g, the outage
probability of downlink MU-MIMO transmissions is
denoted as

pi (Dz) = P(Y: SVc,thre)
=P(S<w(¢9p +Icr)) (3)

= .[0 P (S < wx) f gor,, 41, (¥)d,

where @ = y_ /9.



Note that the random variable S obeys chi-square dis-
tribution with 2(N_ — K, + 1)degrees of freedom. Hence,
the term P (S < wx) is denoted as
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where I'(a,t) = .[(t) x%'e"*dx is complementary incomplete
gamma function with a > 0. Since the variables I} and Iy
are independent random variables, substituting the result in
equation (4) into (3), the outage probability of downlink

N-K,
P(S<wx) = wa t e ) 44 MU-MIMO transmissions is rewritten as
0 2NC -K.+1 (N -K )'
1 ! [(N.-K . +1Lwx) (4)
=l 7\ c ¢ » WX
(Nc - Kc)!
N_.-K, m
cox 0 (wx)
=1- ,
‘ mZ'o m!
N.-K m
_ ¢ ()" d” “(-w)"
pi(Dy) —{ 1- MZO ol G Llen (@) 9 =01~ mZ::O 0 dw mglm({)w)glm(w) =1, (5)

where &, (-) denotes the Laplace transform of the random
variable V. The transform of Z [t f (t)] = (=D)"F™ (s) is
employed.

Since Iy is the chi-square random variable with 2 (K, -
1) degrees of freedom, the Laplace transform of Iy and its
m-th order differential are, respectively, defined as

1

Zr,, Ow) = %1
1+ YC,thre)
B (6)
ngm(m%)):( % )K+m1H(K +_]—1

In addition, the transmitting nodes in a slot are dis-
tributed according to a SPPP with intensity A,, and hence
the cross-tier interference signal is modeled as a general
Poisson shot noise process [22]. The Laplace transform of
I-qp could be obtained as

Zp, (W) = exp{—AfJRzl - [EH[eXp(—wH|x|_“)]}

o0 X
= -2 - (7)
exp{ ﬂAf JO T+ Ix e dx}>

= exp(—/\wia),

1- exp(—)Lwia),

pi(D;) = N,-K, 1
5

m=1

In case of ¢ = 1 and K, = N, the outage probability is
denoted as

g:ﬁ

where 8 = 2/a and Q = nP3T (8)I'(1 - 9).

If a high probability otf successful reception in cellular
cell is required, it is reasonable that the density of trans-
mitting nodes A, is very small. Hence, the m-th order dif-
ferential of Z;_ (w) can be evaluated using first-order
Taylor series around 1 Qw® = 0. For all m>1, the m-th
order differential of Z; (w) is given approximately as

dm

d m

m—1
- <Awi5_m ﬂ (8- m))e_AfQ“’B + ‘{’(/\ijzwm).
-0
(8)

In case of ¢ = 0, the outage probability of downlink MU-
MIMO transmissions is denoted as

gICTI (w)

9)
) 1<K. <N,

e—)Lwi5
pi(Dy) =1-———%— (10)
(1 + YC,thre)
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If 1<K, <N, the outage probability is denoted as

m=0 : 1=0

pi(D;) =1~ iC(_r:,)m i( l )

dl dm*l
31151 ((l)) —gICTl (w)

do’ do™?

:?M(NC—KLﬁl,KC—l)

1+ Ve thre

(11)

8
+1,Qu° | H(K.~1)~-F y e (N.-K +LK -1) |

For the definitions of the function %, (a,b) and the
variable % (a), refer to the work [9].

3.2. Outage Probability of MU-MIMO Transmissions in Ad
Hoc Network. Firstly, it is noted that some intermediate

I+ YC,thre

variables in the previous section are reused in this section for
expression simplicity.

In ad hoc networks, a receiving node suffers inter-node
interference signal additionally. Hence, for a receiving node
k located at the origin, the received signal for the assigned
beam v, is denoted as

P P , _
f ~-ap . H f ~-ap.H _ a a
Vi =1 K—Dk“hk Vs + Z K—Dk“hj vis; +S(pu) Y PPk GeieSer Z \ Pm‘XV' GyiSyt + Z \ Pf'Zq)' 9okSp Tl
f jeKpjrk YO f yev ¢ € OIT,

desired signal inter—beam interference signal

cross—tier interference signal inter—node interference signal

where h, € CN/*! is the channel gain vector between the
receiving node k and the transmitting node. g, is the
channel gain between receiving node k and a transmitter ¢,
which follows Rayleigh distribution. S 1, ,{S,, S, }represents
S =S8, incase of D or S = S, in case of U. Hence, the cross-
tier interference signal from cellular cell is \|P D % g, ss. in
case of downlink interval or ey /Pl X, |"* gy ks, in case
of uplink interval.

Note that the cross-tier interference signal in the data
transmission phase may change to be different from that of

(P//K)D;"

(12)

SINR measurement. If the power of instantaneous cross-tier
interference signal increases, the receiving node that has the
best SINR for the assigned beam may be changed. However,
the receiving node could not be adjusted during data
transmission. The performance of MU-MIMO transmis-
sions may degrade.

For the receiving node k, the instantaneous received
SINR for the assigned beam v, is denoted as

thVk'Z

¢(PfDl;a/Kf)Zjer,j#k|h§‘_lvj‘2 + PfZ(pE(I)/Tk'Z(p

IS

- ¢ gy + Iy + Iy

where 9 = PD;*/K. The definition of random variables S
and Ip; is similar to that in equation (2). In terms of the
properties of the SPPP model, the random variable I}y, has

-« 2
g(p,k‘ +1Icr

(13)

same property as the variable I-r; in equation (2). The
random variable Iy, is dependent on the type of interval in
cellular celll. In case of downlink interval,



Icri = PD il “lg.kl*. In case of uplink interval,
Iern = Zwemelel_“lg%klz. ¢ is a switching variable. In
case Ky =1, ¢ = 0. Otherwise, ¢ = 1.

Similarly, we assume that the SINR threshold in ad hoc
networks is Yy Referring to equation (3), the outage
probability is denoted as

Pi(Dy) = P(S<w (¢l + Iy + Iopy))s (14)

where w = y gy, /9.

Considering that the random variable S obeys expo-
nential distribution and Iy, Iy, and Iopp are indepen-
dent random variables, the outage probability is expressed
as

1- 3IINI (w)glcn (w)’ ¢ =0,

- gIIBI(Sw)'gIINI (w)glcn (w)’ ¢ =1
(15)

Pr(Dy) :{

Since Iy is the chi-square random variable with 2 (K -
1) degrees of freedom, the Laplace transform of Iy is de-
fined as

1

2 () = —————
00 = gy

(16)

The inter-node interference signal could be modeled
as a general Poisson shot noise process. Hence, the
Laplace transform of Iy is the same as the result in
equation (7), i.e.,

Zp (@) = exp(—n)th((S, 1- 6)(wPf)6>, (17)

where B(a,b) =T (a)T (b)/T (a + b) denotes the beta func-
tion with gamma function I'(a) = jgo x%le~*dx.

If the cross-tier interference signal comes from UEs in
uplink interval, since the UEs are distributed according to a
SPPP with intensity A., similarly the term of &, (w) is

given as

L1 () = exp(-7A B(8,1 - 8) (wP,,)’). (18)

Substituting the results in equations (16)~(18) into
equation (15), the outage probability of MU-MIMO trans-
missions is denoted as

8 5 5 _
Lo ™ (Afpfmfpm)B(m D g0,

Px (Dk) = . nwﬁ()tfpiar)Lcan)B(&l— 9 12
1- = ¢=1

(1 + Vf,thre) !

If the cross-tier interference signal comes from cellular
BS in downlink interval, taking the Rayleigh fading channel
into account, the term of &Z;_ (w) is given as

1

g S ——
ten () = T3 WP D¢

(20)
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By using the results in equations (16)~(17) and (20), the
outage probability is denoted as

o (o) B(51-0)

b = 0)
(1+wP.DZ) ¢
Pi(Dy) =

8
o~y (wPr) B6.1-0)
1- - o #=1L
(1 + chDc,k)(l + Yf,thre)

(21)

4, Restricted Area in Cellular Cell

For a receiving node in MU-MIMO transmission in ad hoc
networks, it suffers the cross-tier interference signal from
cellular cell. Considering that the transmitting power of
cellular BS is greater than that of a transmitting node, the
cross-tier interference signal may severely impair the per-
formance of MU-MIMO transmissions in ad hoc networks
during the downlink interval.

For the receiving nodes close to the cellular BS, their
outage probability performance may not satisfy the QoS
requirements. Hence, the instantaneous outage probability is
not greater than a required threshold, i.e.,

T ).P5)B(61—5)
P.D_e ™ (17 )sco
o,k

(22)
(1+ w) (1 + 9w)<r =

=&

pr(Dy) =1

where ¢ is the outage probability threshold. Consequently,
the distance between BS B, and the receiving node k should

satisty

1/
- nwa(/\fP‘sf)B (6,1-9)

D.> Pe
ok = K. —
(1-9e1+ a))(l + yf,thre) s
(23)
1/«
P17 (1,P} )B(6.1-9)
>

(1= A+ @)1+ pe)

Considering w = K¢y ¢ e/ (P D;%), the distance D, is
the subtractive function of the distance D,. Intuitively, the
decrease of the distance D, improves the power of desired
signal at a receiving node, and thus more receiving nodes
could tolerate the cross-tier interference to satisfy QoS
requirements.

Furthermore, we assume that the minimum distance
between a transmitting node and its receiving node is R, and
hence the minimum value of D, is denoted as

s
PCPf<1 = A R (K ;Y fie) B(8,1- 6))

(1= )Py + K R ) (14 Vae) |

min
D ok —

(24)
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TaBLE 1: Simulation configurations.
Parameter Value
Total transmitting power P./P/P,, 46/23/13dBm
Transmitting antennas N, and Ny 8
Receiving UE K. 4.8
Receiving nodes Ky 4,8
Path loss exponent « 4
SINR threshold y,, thre -30dB
SINR threshold yy e —-20, =30 dBm
Distance between BS and UE D; 500 m
Distance between transmitting node and receiving node Dy 100 m
MU-MIMO scheme in cellular cell ZF-based
MU-MIMO scheme in ad hoc networks Codebook-based

0.9 T T T T T T T T

Outage probability of MU-MIMO
transmissions in cellular cell

Average number of Ad Hoc nodes per square kilometers

—o— perfect CSI feedbackor K. =1,¢ =0
-+- imperfect CSI feedback, ¢ = 1

FIGURE 2: Outage probability of MU-MIMO transmissions in cellular cell vs. average number of ad hoc nodes.

0.9 T T T T T T T

0.87

0.7

0.6

0.5 . ) : . . |
0a
0.3

0.2

Outage probability of MU-MIMO transmissions
in Ad Hoc networks

0.1
200 300 400 500 600 700 800 900 1000

Distance between interference BS and a receiving
Ad Hoc node (m)

- Kf:4, Ff:-zodBm —+ Kf:8,Ff:-20dBm
-e- Kf:4,Ff:-30dBm —+- Kf:S,Ff:-30dBm

FIGURE 3: Outage probability in ad hoc networks (downlink interval) vs. distance between cellular BS and a receiving node.
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0.8 T
0.7
0.6 |
0.5
04
03

0.2

Outage probability of MU-MIMO
transmissions in Ad Hoc networks

0.1

10 20 30 40

50

60 70 80

Average number of UEs in cellular cell

- Kfz 4, l}: -20dBm
-0- Kfz 4, Ffz -30dBm

—— Kf: 8, Ff: -20dBm
-+ Kf: 8, Ff= -30dBm

FIGURE 4: Outage probability in ad hoc networks (uplink interval) vs. average number of UE.

Ve

Mininum radus of restricted area
in cellular cell (m)

13

-—

0 005 01 015 02 025 03 035 04 045 05

Outage probability threshold € in Ad Hoc networks

- Kf= 4,R=50m
-0- Kf= 4, R=100m

—+ Kf= 8, R=50m
-—+- Kf: 8, R=100m

FIGURE 5: Minimum radius of restricted area in cellular cell vs. outage probability threshold in ad hoc networks.

It is obvious that there is a circle area with the BS as
center and D?fc" as minimum radius. In the restricted area,
the instantaneous outage probability of MU-MIMO trans-
missions in ad hoc networks does not exceed the threshold ¢.

5. Numerical Results

In this section, we report the numerical results of computer
simulations. In the HetNet, the coverage of cellular BS is
assumed to be a circle area with 1km radius. The UEs are
located in the coverage area randomly. The simulation
configurations are listed in Table 1.

Figure 2 shows the outage probabilities of MU-MIMO
transmissions in cellular cell. With the increase of the in-
tensity of ad hoc nodes, a UE experiences more severe cross-
tier interference signals. On the other hand, the increasing

receiving UEs reduce the power of desired signal but may
enhance the power of inter-beam interference signal. As a
result, the outage probabilities of downlink MU-MIMO
transmission in cellular cell increase with the intensity of the
ad hoc nodes and the number of receiving UEs. Further-
more, because of the imperfect CSI feedback, the beams are
prone to interfere with each other. The receiving UE will
receive the inter-beam interference signal from other beams.
Hence, the outage probabilities in case of imperfect CSI
feedback are greater than those in case of perfect CSI
feedback.

The outage probabilities of MU-MIMO transmissions in
ad hoc networks in case of downlink interval and uplink
interval in cellular cell are given in Figures 3 and 4, re-
spectively. It is obvious that the number of receiving nodes
and the SINR threshold have a significant effect on outage
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probability. As described in Figure 2, the increase of the
receiving nodes reduces the power of desired signal but
enhances the power of inter-beam interference signal.
Hence, the outage probability increases with the number of
receiving nodes. On the other hand, the decrease of SINR
threshold reduces the probability that the received SINR
does not exceed the SINR threshold. Thus, the outage
probability decreases accordingly.

As shown in Figure 3, when the distance between the
cellular BS and a receiving node increases, the power of cross-
tier interference signal the receiving node suffered is reduced.
Hence, the outage probability decreases. However, if the
distance exceeds a threshold, for instance 500 m, the effect of
cross-tier interference signal is not significant. The outage
probability decreases with the distance slowly. In Figure 4,
the growth of UEs causes more severe cross-tier interference
in case uplink interval in cellular cell. As a result, the outage
probability increases with the number of UEs.

Note that there is a time gap between beam selection and
data transmission in MU-MIMO transmission. A receiving
node may perform SINR measurement and data transmis-
sion in different intervals of cellular cell. Since the cross-tier
interference is different in downlink interval and uplink
interval, the instantaneous SINR in data transmission may
be different from the measured SINR. From Figures 3 and 4,
the instantaneous outage probability may be different from
the expected outage probability.

Figure 5 shows the relation between the radius of region
area in cellular cell and the outage probability threshold.
When a stricter threshold is imposed on the outage prob-
ability, i.e., the threshold decreases, the outage probability of
more receiving ad hoc nodes could satisfy the threshold.
Taking the distribution of ad hoc nodes into account, the
nodes that are close to the cellular BS and could not meet the
threshold are reduced. Hence, the restricted area in cellular
cell becomes smaller. Furthermore, the decrease of the
minimum distance between a pair of nodes enhances the
power of desired signal but reduces outage probability.
Consequently, the restricted area becomes smaller when the
outage probability threshold is satisfied.

6. Conclusions

This paper investigates per-tier outage probability of MU-
MIMO transmissions in HetNets with joint interference
constraint. In the tier of cellular networks, a ZF-based
precoding MU-MIMO scheme is employed. In the
presence of cross-tier interference and unpredicted inter-
beam interference, the closed-form expression of outage
probability of downlink MU-MIMO transmissions is
derived. Considering the capacity of ad hoc nodes, a max-
SINR scheduler and codebook-based MU-MIMO trans-
mission are applied. With the constraint of joint inter-
node interference, inter-beam interference, and down-
link/uplink cross-tier interference, the closed-form ex-
pression of outage probability in ad hoc networks is
obtained. Furthermore, considering the QoS requirement
of ad hoc networks in case of downlink interval, the re-
stricted area in cellular cell is explored.

As a future work, the performance optimization of MU-
MIMO transmissions using different interference manage-
ment schemes is worthy of in-depth study.
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