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Abstract. The Massive multiple-input multiple-output (MIMO) system
can schedule dozens of end user equipment at each time slot, however,
different quality-of-service (QoS) requirements needs different scheduling
policy. Some QoS requirements of buffering services are related to the sta-
bility of long term transmit rate, and the instantaneous rate depends on
the scheduling policy and channel state. Therefore it is difficult to build
direct relationship between the QoS requirement and optimal scheduling
user number at each time slot in Massive MIMO system. Based on the
effective capacity (EC) theory, the relationship among the number of
scheduling user, the QoS requirement and the effective transmit rate is
built. The simulation result shows that EC can be described by a smooth
function of the number of scheduled users and the QoS requirement.
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1 Introduction

The huge differentiation among emerging mobile services poses the challenge
to guarantee the quality-of-service (QoS). Some new technologies [1–3], such as
compressive sensing and big data analysis, are proposed to predict the network
traffic and user behavior. Based on network traffic analysis and user behavior
analysis, new performance evaluation approaches [4] and routing schemes [5,6]
are designed to guarantee the QoS and improve energy-efficiency. According to
special QoS requirements, some refined network selection schemes [7] and user
selection schemes [8] are designed in access network side. However, the insta-
bility of wireless access network is still the bottleneck to improve the end user
experience. As two key technologies in the future 5G networks, Massive MIMO
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and small cells are proposed to deal with increasing traffic data and diverse
requirements. The base station adopting Massive multiple-input multiple-output
(MIMO) technology is usually equipped with a few hundreds of antennas for
simultaneously serving a large number of users. The researches have demon-
strated that the large number of antennas can increase the spectral efficiency
(SE), and effectively improve the end user experience [9]. Because the large
number of users are scheduled simultaneously, The scheduling scheme is critical
important to guarantee QoS. The first key problem in Massive MIMO schedul-
ing should be the maximum number of user scheduled in a time slot under QoS
constraint. In reference [10], a algorithm is proposed to compute the maximum
number of user and the power allocation according to the QoS requirements for
Massive MIMO. However, the QoS constraint mentioned in [10] is just related
to the instantaneous rate. Generally, the QoS is affected by the jitter of a long
term rate. Therefore, we analyze the relationship among the number of user,
QoS constraint and achievable transmit rate in this paper.

2 Effective Capacity of Massive MIMO

We consider a massive MIMO cellular network where the BS of each cell equipped
with an array of M antennas communicates with K single-antenna UEs at the
time, out of a set of N UEs which have unlimited demand for data. Each cell is
assigned an index in the set L. The geographical position of UE k ∈ {1, ...,K}
in cell l ∈ L is given by zlk ∈ R

2. The time-frequency resources are divided into
equal frames whose time and bandwidth is smaller or equal to the coherence time
and the coherence bandwidth of all UEs respectively. Thus all the channel are
static within the frame. Let hjlk ∈ R

N denote the channel response between BS
j and UE k in cell l, which are drown as realizations from zero-mean circularly
symmetric complex Gaussian distributions [11]:

hjlk ∼ CN (0, dj (zlkIM )) (1)

where IM is the M ×M identity matrix. The function dj(z) gives the variance of
the channel attenuation from BS j to any UE position z. Let S be the amount
of symbols transmitted in each frame, B out of the S symbols are reserved for
pilot signaling. Thus the remaining S−B symbols are allocated for payload data.
The symbols have transmit power plk = ρ

dj(zlk)
, where ρ is a design parameter for

the channel attenuation inversion policy. The policy make the average effective
channel gain the same for all UEs:E{plk‖hllk‖2} = Mρ. The received download
signal at UE k in cell j in a frame is given by:

yjk =
∑

l∈L

K∑

m=1

hT
ljkwlmxlm + njk (2)

where (·)T denotes transpose, xlm is the symbol transmitted to UE m in cell l,
wlm ∈ C

M is the corresponding precoding vector, and ‖wlm‖2 is the allocated
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download transmit power. It can be expressed as

wlm =
√

pjk

Eh{‖gjk‖2}gjk (3)

where the average transmit power pjk ≥ 0 is a function of the UE position, but
not the instantaneous channel realizations. The vector gjk ∈ C

M defines the
spatial directivity of the transmission and is based on the acquired CSI. The
SNIR is given by (see reference [12] for the power control policy):

SINRjk =
pjk

Eh{‖gjkhjjk‖2}
Eh{‖gjk‖2}

∑
l∈L

∑K
m=1 plm

Eh{‖glmhljk‖2}
Eh{‖glm‖2} − pjk

Eh{‖gjkhjjk‖2}
Eh{‖gjk‖2} + σ2

. (4)

In reference [12], the achievable Spectral Efficiency in download of cell j can
be written by:

SEj = K

(
1 − B

S

)
log2

(
1 +

1
Ischeme
j

)
(5)

where

Ischeme
j =

∑

l∈L|(β)\{j}

⎛

⎜⎝μ
(2)
jl +

μ2
jl +

(
μ
(1)
jl

)2

Gscheme

⎞

⎟⎠

+

(∑
l∈L μ

(1)
jl Zscheme

jl + σ2

ρ

) (∑
�∈Lj(β)

μ
(1)
jl + σ2

Bρ

)

Gscheme

(6)

where the Gscheme and Zscheme
jl depends on the different receive combining

schemes, GMR = M and Zscheme
jl = K with MR combining, while GZF = M −k

and

ZZF
jl

⎧
⎨

⎩
K

(
1 − μ

(1)
jl

∑
�∈Lj(β) μ

(1)
jl + σ2

Bρ

)
if l ∈ Lj (β) ,

K if l /∈ Lj (β) .

(7)

The following notation was used:

μ
(w)
jl = Ezlm

{(
dj (zlm)
dl (zlm)

)w}
for w = 1, 2. (8)

The QoS requirement is often formulated by

Pr

(
max

1≤i≤N
Qi (0) > B

)
≤ ε. (9)

According to reference [13], for some large buffer size B, given the QoS constraint
ε and by choosing θ = − log (ε) /B, the QoS requirement can be expressed as an
effective capacity (EC) problem:

λ ≤ min
1≤j≤N

Ck (θ) , (10)



630 L. Chen and L. Zhang

where
Ck (θ) =

1
θ

lim
n→∞

−1
n

lnE

(
e−θ

∑n
t=1 rk(t)

)
, (11)

the rk (t) is the rate allocated to user k in cell j at time t. We assume that the
scheduling scheme at the base station stochastically picks the K users out of a
set of the N active users for transmission, thus the rk can be written as:

rk (t) =

{
Nf

K

(
1 − B

S

)
log2

(
1 + 1

Ischeme
j

)
, w.p. K

N ,

0, w.p. 1 − K
N .

(12)

Let ν = Nf

(
1 − B

S

)
log2

(
1 + 1

Ischeme
j

)
, the EC of user k is rewritten as:

Ck (θ) =
1
θ

lim
n→∞

−1
n

ln
n∑

τ=0

(
e−θτ ν

K P

{(
n∑

t=1

rk (t)

)
= τ

ν

K

})

=
1
θ

lim
n→∞

−1
n

ln
n∑

τ=0

(
e−θτ ν

K

(
n
τ

) (
K

N

)τ (
1 − K

N

)(n−τ)
)

=
1
θ

lim
n→∞

−1
n

ln
n∑

τ=0

((
n
τ

) (
e−θ ν

K
K

N

)τ (
1 − K

N

)(n−τ)
)

=
1
θ

lim
n→∞

−1
n

ln
[
1 − K

N

(
1 − e−θ ν

K

)]n

=
−1
θ

ln
[
1 − K

N

(
1 − e− θν

K

)]
.

(13)

While θ → ∞ the EC is 0, when θ → 0 the EC is K
N

Nf

K

(
1 − B

S

)
log2(

1 + 1
Ischeme

j

)
. With the assumption that users have same QoS requirements,

let f(K) = Ck (θ) is the function of scheduled user number K at each time slot,
with the fixed θ. Therefore, the derivative of this EC function with respect to K
is:

∇f(K) =
Ke

θν
K − K − θν

(NKθ)
(
Ne

θν
K − Ke

θν
K + K

) . (14)

It is obviously, the value of Eq. (14) is greater than 0, at the point K = 1.
And the denominator of the Eq. (14) is always greater than 0, the numerator
of the Eq. (14) is a oscillatory function. The first inflection point of Eq. (14) is
a suboptimal solution. By using binary search, it is easy to find the maximum
value of formula (13).

3 Simulation Result

In our simulation, two hundred users that are served by one base station equipped
one thousand antennas have the same QoS requirement. The pilot reuse factor
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is 1, and we set the coherence block length to 400, set the SNR to 5 dB, set
the pathloss factor to 3.7. The QoS parameter θ gradually increase from e−10 to
e10, the low value of θ means non-strict demand for real-time, the high value of
θ means that the service must satisfy high real-time request and high stability.
The unit of EC is bits/S/Hz. In our simulation algorithm, we first compute
the spectral efficiency based on the code in reference [12], and then the EC is
obtained according to the formula (13). The simulation result is showed as Fig. 1.
The Fig. 2 is a slice of the Fig. 1, as the θ = 0.15. The EC is a smooth function
of user number. In the Fig. 1, the QoS requirement is log θ. With the low value
of θ, the point of optimal EC is near to the point of K = 1. As the value of θ
increases, the optimal point moves to the point of K = N , and the achievable
EC descends sharply. Because the higher θ requires higher stability.
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Fig. 1. Effective capacity under various QoS requirement.
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Fig. 2. Effective capacity with fixed QoS requirement.
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4 Conclusion

We deduce the EC function with respective to the number of scheduling users
and to the QoS requirement parameter in Massive MIMO system. The EC can
be described by a smooth function of the number of scheduled users and the
QoS requirement. A simulation is performed under various QoS requirement to
survey the characteristics of the function. Designing the fast algorithm to find the
optimal scheduling number of users under QoS requirement in Massive MIMO
is a practical research work in the future.
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