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Abstract

Grant-free random access (GFRA) can reduce the access delay and signaling cost, and satisfy
the short transmission packet and strict delay constraints requirement in internet of things (1oT).
IoT is a major trend in the future, which is characterized by the variety of applications and
devices. However, most existing studies on GFRA only consider a single type of device and
omit the effect of access delay. In this paper, we study GFRA in multicell massive multiple-
input multiple-output (MIMO) systems where different types of devices with various
configurations and requirements co-exist. By introducing the backoff mechanism, each device
is randomly activated according to the backoff parameter, and active devices randomly select
an orthogonal pilot sequence from a predefined pilot pool. An analytical approximation of the
average spectral efficiency for each type of device is derived. Based on it, we obtain the
optimal backoff parameter for each type of devices under their delay constraints. It is found
that the optimal backoff parameters are closely related to the device number and delay
constraint. In general, devices that have larger quantity should have more backoff time before
they are allowed to access. However, as the delay constraint become stricter, the required
backoff time reduces gradually, and the device with larger quantity may have less backoff time
than that with smaller quantity when its delay constraint is extremely strict. When the pilot
length is short, the effect of delay constraints mentioned above works more obviously.

Keywords: Backoff mechanism, delay constraints, GFRA, mixed-type devices, multicell
massive MIMO.
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1. Introduction

Machine-lype communication (MTC) is one of the major tends for future wireless networks

and the driving factor Internet of Things (1oT) [1]. Massive multiple-input multiple-output
(MIMO), where each BS equipped with dozens or even hundreds of antennas serve tens of
users, is regarded as a key support technology for MTC [2]. Massive MIMO can greatly
increase the system capacity and has high robustness and low energy consumption [3,4]. It is
also charactered by low cost and interference tolerance [5].

MTC has vast amount of devices that is larger than the available pilots. However, the
conventional massive MIMO usually assumes a fully-loaded of devices, which is obviously
not appropriate in MTC [6,7]. Therefore, we need to design an effective access scheme for
devices in massive MIMO. The existing random access (RA) schemes of massive MIMO
systems can be divided into two categories: grant-based and grant-free RA (GFRA) schemes
[8-10]. In grant-based RA, the devices need to wait for the permission of the BS to transmit
data, which will obviously increase the access delay [11]. In the GFRA scheme, the device
directly transmits the pilot sequence and data to the BS without waiting for permission from
the BS [12]. The detailed process of GFRA is given in the 3rd generation partnership project
(3GPP) [13]. Obviously, compared with the grant-based RA scheme, GFRA scheme can
reduce the transmission delay and signaling cost, which can satisfy the low lost and short delay
requirement of MTC, and becomes popular in current research [14,15]. In [16], it proposes a
GFRA scheme to reduce satellite access delay. In [17], it proposes a RA scheme of preamble-
data superposition in massive MIMO system, which significantly improved access success
rate and performance. These studies show that GFRA significantly improves the performance
of massive MIMO system. Therefore, lots of works began to focus on the combination of
massive MIMO and GFRA. The preamble code design scheme is proposed to achieve high
success rate of device detection and channel estimation in massive MIMO GFRA system in
[18]. In [19], it confirms the existence of an optimal pilot length that maximizes spectral
efficiency in GFRA of massive MIMO systems. In [20], it analyzes the parameters that affect
system capacity in massive MIMO GFRA system, such as the pilot length. However, all of the
above studies considered single-cell scenarios. In [21], GFRA in multicell massive MIMO is
studied. The backoff mechanism is usually applied on RA in 3GPP [22]. As the backoff
parameter can be adjusted flexibly, some works focus on obtaining the optimal backoff
parameter for GFRA [23, 24]. However, these works regard devices that select the same pilot
as indistinguishable. In multicell systems, due to the large coverage of network, devices
selecting the same pilot may located far away from each other, and the BS can detect the device
under its coverage based on the distinction of received powers. Hence, a more precise analysis
method is needed for the random access in multicell massive MIMO systems. Moreover, to
enhance the device access success probability, we adopt the pilot reuse scheme which makes
devices selecting the same pilot can be detected due to the low-level of interferences. Moreover,
previous works on GFRA only consider one type of devices. In 10T, various kinds of
applications result in different types of devices. Therefore, customized RA strategies should
be provided for each type of devices according to their unique configurations and requirements.
In addition, 10T devices usually have strict requirement on access delay. Therefore, we take
the access delay into account, and set a delay constraint when optimizing the backoff parameter.
This has also not been performed in existing literatures.

In this paper, we investigate GFRA in multicell massive MIMO systems with mixed-type
devices with delay constraints. With backoff mechanism, each device is randomly activated,
and the activated device randomly selects orthogonal pilot in the orthogonal pilot pool to send
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frequently to the BS. We deduce the average spectral efficiency of each type of devices and
the average spectral efficiency of all devices in each cell, and carry out simulation verification
from all aspects. Based on it, we obtain the optimal backoff parameter for each type of devices
under their delay constraints. It is found that the optimal backoff parameters are closely related
to the devices number and delay constraints. In general, devices that have larger quantity
should have more backoff time before they are allowed to access. However, as delay
constraints become stricter, the required backoff time of devices reduces gradually, and the
device with larger quantity may have less backoff time than that with smaller quantity when
its delay constraint is extremely strict. Moreover, when the pilot length is short, the effect of
delay constraints mentioned above works more obviously.

For ease of understanding, some of the symbols in this article are summarized in Table 1.

Table 1. Significance of symbols

Notation | Meaning

X * the conjugate of X

XT the transposition of X

X" the represents conjugate-transpose of X

U the N -th device of the k -th type in the | -th cell

Yo the activation state of U, , and y,,, €{0,1}

SSKD | indicator shows whether Uy, and U_ . choose the same pilot, and 5" < {0,1}
C co-pilot cells of the i -th cell

Pr indicator shows whether U, an intra-cell non-colliding device, and p,, e{O,l}
N onk the average number of intra-cell non-colliding devices of the K -th type device per cell
Ppk the backoff probability of the K -th type devices

P the average transmitted power of all devices

D, the average delay for the Kk -th type of devices

D/ the delay constraint for the k -th type of devices

2. System Model

2.1 Channel Model

Consider a multicell MIMO wireless network with L cells as illustrated in Fig. 1, where each
cell consists of a BS equipped with M antennas and N uniformly distributed devices with
single antenna. There are K types of devices in the network, and the number of the k -th type

of devices is N, . That is,ZfﬂNk =N . The N -th device of the k -th type in the I-th cell is

denoted as U, . Devices transmit their data in the same time-frequency resource. The M x1
channel vector g, between the i-th BS and U, is given by

it = Nina v/ Bina » (1)

_ f .
where Bia = G / Ginw is the large-scale fading coefficient between the ! -th BS and Una
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d f

which models the path loss and shadow fading, while ~ind is the distance between them, " is

decay exponent, and Y represents a log-normal random variable . h.,, ~CN'(0,1,,) is the
fast fading vector between the i-th BS and U, .

2.2 Random Access

In RA, since the BS does not know which device requests access at this time slot, devices need
to start the access by randomly selecting a pilot sequence and send it to the BS. In this process,
different device may select the same pilot, which may result in the access fail. To improve the
access success probability, we use the pilot reuse to extend the distance of devices selecting
the same pilot, so that the pilot interference becomes negligible and the colliding devices from
different cells can be detected.

We use the backoff mechanism to reduce the device conflict. The BS requires to calculate
the device backoff parameters, and then broadcasts the backoff parameters to devices. The
device randomly generates a backoff time according to the received backoff parameters
broadcast to postpone the activation. When RA starts, the active device randomly selects a
pilot sequence from the orthogonal pilot pool and sends it to the BS. Each pilot sequence
consists of 7 symbols, and thus the total number of orthogonal pilot sequences is also 7 .
Assuming the pilot reuse factor is « , then the number of pilots in each cell is 7/« . Fig. 1
shows the system model diagram with o = 3, we call the cells that use the same set of pilots
as co-pilot cells. For example, cells with the same color in Fig. 1 are co-pilot cells. We assume
that the channel coherence time is T symbols long, and T > z. In each channel coherence
interval, the active device directly transmits the orthogonal pilot along with data to the BS.

Fig. 1. lllustration of the multicell MIMO system with type of devices and pilot reuse factor « =3.

We call two devices who choose the same pilot as colliding devices. Colliding devices
within the same cell cannot be distinguished by the BS. Hence, their access fail at this RA slot.
However, if two colliding devices belong to different cells, even they select the same pilot,
due to the pilot reuse, they locate far away from each other, and the BS can distinguish them
based on the distinction on received power strength. Therefore, only devices does not conflict
with other devices in the same cell can be successfully detected by the BS, and we call them
as intra-cell non-colliding devices.
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3. Performance Analysis

3.1 Channel Estimation

Due to the backoff mechanism, the k -th type of devices are randomly activated according to
the backoff probability p,,. Let y,, €{0,1}, where y,, =1 denotes that U, is active and
7w =0 that it is inactive. Let vz, € C™* be the pilot sequence used by U, . If U,
chooses the same pilot as U . ., we have op,@ . =1. Otherwise, @;,@ ., =0. Then, the
M x z received matrix at the i-th BS can be written as

LK N
Yi= ZZZVTPnklginkl(p:klynkl +W, (2)

1=1 k=1 n=1

where P, is the transmit power of U, , and W, is additive white Gaussian noise (AWGN)
matrix, in which each element of W, follows an independent distribution CA/(0,1).

We assume that U _ . is the targeted device and does not collide with other devices in i-th
cell. Then, thei-th BS estimates the channel of U i using Y, L as follows

Y(pmkl \/TPmklg +ZZZ nklg,nm n:;kl +mi’ (3)

leG k=1 n=1
where G, is the co-pilot cells of the i -th cell, and 5r£k| ) e{O,l} indicates whether U__ . select

the same pilot as U, (5£zki) =1) or not (5mki) =0). Therefore, the estimates of g, can be

written as
n 1 .

=Y. 4
glmkl m '(pmkl ( )

Further, (4) can be represented as (5)

|mk| - glmkl ZZZ nkl gmklé}sgkl) N \/7 (5)
imk i

leC k=1 n=1

From (5), we can see that the channel estlmatlon of intra-cell non-colliding devices will be
interfered not only by Gaussian white noise, but also by devices in the co-pilot cells. Using
the estimated channels obtained above, we can then obtain the average spectral efficiency.

3.2 Average Spectral Efficiency
We can get that the received M x1 signal at the i-th BS is given by (6), where X, is the data
symbol with E{|xnk,|2}=1, and o, is AWGN vector, and o, ~CN(0,1,,). Note that I; is

divided into five independent terms. The first term is the effective signal. The second and third
terms indicate interference from other devices in the same cell. The fourth term represents
interference from devices in other cells. The fifth term is noise.
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Ny
= v Pmk'igimk'i ka'i + z \/ Pnk'igink'i Xnk‘iynk'i

n=l,n=m (6)

+ z Z\/Igmkl nk|7nk|+ Z ZZ\/:gmkl nklynkl-’-0

klkiknl 1=1,1%#i k=1 n=1
Since Umk,i does not collide with other devices in i-th cell, we can receive it. We adopt the

maximum-ratio-combing (MRC) receiver here and process the data signal, which is given by

e . =0T
P O G o + 2 Z P Gk 9k X7t + G0 7)
+ Z ,Zk:mgrnk‘iginkixnki%ki + i_iiﬂ@;kiginmxnk'yﬂk"
Further, (7) can be rkezg;zks;?ted as (8) e
= P B {0 G | i + n_im P i Gl i Xk
P [ GO = B (GO X+ G ®

where |, {«} is the average of the small-scale fading. We further assume that the channel is
ergodic so that an ergodic achievable uplink rate R _ . of U _ . isgivenb

P B (8 9 [ ©)

R kl=Iog2 1+ = ,

mk'i

where F . isrepresented by

‘7:mk'i = v Pmk'i Var {gil:qk'igimk‘l} _;m nki=—h { gil:nk'igink'i 2}7/n|<'i
+ z Z nklE {|g|mk|g|nk| }7nk| +E {|g|mk| |2} (10)
k=1 kzk n=1
L K N
+ Z ZZ\/ P B {|§]::1k-igink| Z}Vnkl
1=1,1#i k=1 n=1

The channel estimation is obtained when U, does not collide with other devices in the cell.
Let p,, €{0,1}, where p,, =1 denotes that U, is an intra-cell non-colliding device and

P =0 that it is not an intra-cell non-colliding device. Then, average spectral efficiency of
the k -th type of device in the i-th cell is given by

Sy = (1— —j {Z R i Pui } (11)
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Since R,; and p,,; are independent, (11) can be represented as

N
Ski = (1_%)ZE{Rnki }E{pnki } = (1_%)@iNnon,kv (12)
n=1
where 7g, =E{R } is got by averaging the parameters such as large-scale fading, pilot

selection and device activation of R ,;, which eliminates the difference among devices in the

nki

A n . . Nk . .
same cell and the corresponding subscript is omitted, and Nnon,k=zn:lE{,0nki} indicates the

average number of intra-cell non-colliding devices of the k -th type device per cell. Hence,
the average spectral efficiency per cell is further written as

Si = iski' (13)

Next, we give the expressions for the average number of intra-cell non-colliding devices of
the k -th type device per cell.

i
Lemma 1. The distributions of the indicator 7, and 5n(:: ) are
mk'i

P[ynkl :1]: P P|:5r£kl ) :1|| eci:|:apb,k/r' (14)

The average number of intra-cell non-colliding devices of the k -th type device per cell can
be written as

Ny N n kz:pb,ka—l
Nnon,k = Zn( nijg,k (1_ pb,k )N (1_2)( 7 J (15)
n=1

r

Proof. See Appendix A:
In the above results, we can see that N, . isrelated to 7 and the parameters of devices,

and it is not only affected by its own activation probability and number, but also by the
activation probability and number of other types in the cell. When the system model reduce to

a single cell with one type of device, (15) becomes N, ..; = Ny pb(l—%)“"a'ﬂ"’”'l, where

N
N

wal js the total number of devices, and Po is the backoff probability. We can find that

no-colli js the same as (1) in [18].

We use the power control technique to compensate for the large-scale fading of devices in
each cell. The power control factor is given by A =P, B, (forany N, k, and 1). Then,
with it we can substitute N from (15) into (12) to get S, .

Theorem 1. The approximation of the average spectral efficiency of the i-th cell is given by

K
Si = Zski' (16)
k=1
where S,; is as follows
T tMA?
S, ~ (1—?j N on 100, (1+—Q J (17)

in which ¢ is given by (18). In (18), P denotes the average transmitted power of all devices,
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Q:(ml)ﬂ{pb,kv(Nk-—l% > pb,ka}(er)(Ml)

k=1,k=k’

K K
+732a(z pb,kaj|:1+ Py (Nk‘ _1)+ Z pb,ka:| Z &
k1

k=1k=k’ leG\i
(18)

2 K
"‘Pza[z pb,kaj z z Ein, S, T P*M a(z pb,kaj z Hig
k=1 =L LG\l 1, k=1 I
K
Z pb,ka:|} Z Cik
1,

k=1k=k’ leG\i

K
+P(z pbykaj{ar+a+l+T/I+a/{pbk (Nk‘ —1)+
k=1 y

while &, =E{ﬂnk,} and Ly =E{ﬂiﬁk|} represent the average and average square of large-

scale fading from a device of the k -th type in the I-th cell to the i-th BS.
Proof. See Appendix B:
The above results are averaged for all randomness, such as device activation, and pilot

selection. That is, strong versatility, suitable for most networks. Obviously, Si iS not a
monotone function of p,,, so we need to find the optimal value for p,,. Next, we look for
the optimal p,, to maximize (16).

3.3 Optimal backoff parameters

In this section, we aim to find the optimal p,, for each type of device that maximize S, . That
is, to solve the following optimization problem.

(P1)  max S;
Pp,1ss Pk
st 0<p,, <1 vk (19)

0<D, <D/, Vk.

Because of the backoff mechanism, it takes time for each user to access, and the time required
for user access is called access delay. We use D, to denote the delay for the k -th type of
device. Considering that devices in loT usually short time requirements, we set delay
constraints for the k -th type of devices as D, , i.e., the maximum permissible delay for the
k -th type of devices. Note that the unit of delay constraints is time slot and will not be
specified for simplication. From an average point of view, D, :1/pb’k . Therefore, (P1) can
be simplified into (P2).

(P2) ‘max S

P15+ Po
t L <1, vk 20
S.1. < <1 .
o Po

For (P2), we use gradient descent. p,, is iterated continuously until S; converges, and

the specific algorithm details can be summarized in algorithm 1, as shown in Table 2.
We also analyze the complexity of algorithm 1. We can see that the complexity of algorithm
1 depends on the gradient of the backoff probability. The main overall complexity is



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 17, NO. 1, January 2023 193

O(tKN, +tK +tK 3+ 2tK*9+tK>L9) , where 9 is the number of co-pilot cells in the i -th

cell [25]. Therefore, we can see that the algorithm complexity mainly depends on the number
of device types, the number of devices and the number of co-pilot cells.

Table 2. Optimization algorithm

Algorithm 1 Alternating Optimization Algorithm for (P2)

s = -6 .
Initialization: py, = pyy, the search step v, =0.1, v, =1, the error 2=107", and the iterate
number t =0
1: repeat
2: for k =0,1,...,K do
3: for t=0,1,... do

calculate the gradient vector Qt

4.

) t+1 t t
5 calculate py, = p,, +v,Q
6

determine whether the p; dissatisfies (20), if it s, let py, = Py, —v,Q", goon 7
7: calculate the average spectral efficiency Si ( p{fkl)
B update t=t+1. Until S,(p})~ S, (Phi)|<Z, pE = i
9:  endfor
10: end for

opt

Output: P = [ . pb,K:IT

4. Numerical Results

In this section, we consider two types of devices exists in the network, denoted as device 1
and 2, respectively. Devices are randomly and uniformly distributed in a cell with a radius

of I, =1000 meters, and there is an area with a radius of I, =100 meters in the middle where
no devices are distributed. The large-scale fading model is expressed as g, = z,., / (fa /1)
where Z;,, is a log-normal random variable with standard deviation o, v is the path loss
exponent, and I, is the distance between U, and the i-th BS. We assume that o =8 dB

and o =3.8. &, and L, are got by averaging over 1000 realizations of devices spatial

distributions in each cell. We assume that the data is transmitted using an OFDM system and
T =196 symbols. We set 2 =0.1 and « = 3.

4.1 Performance Validation

In Fig. 2, we compare the simulated spectral efficiency in (11) and the analytic approximation
in (16). Clearly, in all cases, no matter with a small or large z, the analytical value and the
simulation value are very tight, which indicates the accuracy and rigor of our analysis results.
Given the tightness, we use the analysis results of (16) for the following investigations.

4.2 Performance Analysis

In Fig. 3, we study the relationship between the backoff probability of devices and the average
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spectral efficiency. We use p,; and P,, to represent the backoff probability of device 1 and
device 2, respectively. Firstly, we find that with the increase of p,,, the average spectral

efficiency S, keeps growing until it reaches a critical point, and gradually decrease. This is
because when backoff probability is small, there are few active devices connected to the
system. Therefore, pilots are sufficient for devices and S; will increase with growth of active

devices, i.e., the growth of backoff probability. However, when backoff probability increases
to a critical point, the number of active devices exceeds the number of pilots. Therefore, the

pilot collision is aggravated when active devices grows and S; begin to reduce. Given that,

we find that there exists an optimal backoff probability that maximizes S, . Secondly, it can be

seen from Fig. 3 that when 7 is fixed, the optimal backoff probability decreases with the
increment of the device number. Conversely, when the number of devices is fixed, the optimal
backoff probability decreases with the decrement of 7. Next, we discuss the variation of the
optimal backoff probability with respect to devices number and delay constraints.

20

Analysis

e Simulation

101

T =60,90,120

Average Spectrum Effectivency

0 100 200 300 400 500
Number of BS Antennas, M

Fig. 2. Average spectral efficiency per cell vs. BS antenna number, where Py, = Py, = 0.5,

20

7 =60, Ny = 40.N3 = 60
150, Ny = 50
40.Ny = 60
150, Ny = 50|
~
-~

~
§

Average spectral cfficiency

0 0.2 04 0.6 0.8 1
Backoff Probability of Device 1, pp1

Fig. 3. Average spectral efficiency per cell vs. backoff probability, where M =200, and P,; = P,,.
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Fig. 4 shows the optimal backoff probability with and without delay constraints, where the
number of device 2 is fixed (N, =140). Fig. 4. (a) is the case without delay constraints, and

it can be seen that when N, <N,, p,, > P,,;andwhen N, >N,, p,, < P,, . This indicates

that devices with larger quantity should have more backoff time. When the total number of
devices in a cell is large, the type of devices that have larger quantity backoff altogether, that
is, the access opportunity should be completely transferred to devices with smaller quantity.
Fig. 4. (b) is the case with delay constraints. It can be seen that due to delay constraints, devices
with larger quantity cannot completely backoff, and their optimal backoff probability is the
lower bound determined by delay constraints. Moreover, when there is a large number of
devices in the cell, the lower bound is taken for both devices with larger quantity and devices
with smaller quantity.

. 1 -
:; 0.8 —2 08¢
; 0.6 = 0.6}
£ 04 = 04
Zo02 £ 024
S \ s

0 0 : : :

0 50 100 150 200 0 50 100 150 200
Number of Device 1, N, Number of Device 1, Ny
(a) Without Delay Constraints (b) With Delay Constraints

Fig. 4. Optimal backoff probability vs. number of device 1, where N, =140, and M =200.

Now, we discuss the influence of delay constraints on the optimal backoff probability. Fig.
5 shows the change of optimal backoff probability of two devices with different numbers when

D, is fixed (D, =10). It can be seen that with the increment of D', the optimal p,,
decreases and is always at the lower limit of its feasible region due to delay constraints, while
the optimal p,, first lies a the lower bound and then grow up to exceed the p,, when D/’
increases. This indicates that a larger number of devices should be allocated more backoff time
when delay constraints are relatively loose. However, as delay constraints become stricter, the
required backoff time of this type of devices reduces, and may even be less than devices with

smaller quantity in the case with extremely strict delay constraints.
Fig. 6 shows how the optimal backoff probability of the two types of devices varies with

respect to delay constraints where D, =D,'. We can see that when the number of device 1
remains unchanged and the number of device 2 increases from 60 to 130, the optimal p,,

and optimal p,, are the same as the lower limit of the feasible domain under strict delay

constraints, which confirms the conclusion of Fig. 5. Moreover, we compare the optimal
backoff probability under r =90 and r =120, and find that in the case with large 7 , the
optimal backoff probability has a stronger tolerance to delay constraints, and the system can
accommaodate more devices to access. When 7 is small, the optimal backoff probability take
the lower limit of the feasible region more often than that with large 7 , which indicates that
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the effect of delay constraints works more obviously when the pilot length is short.

1 B
E; —p—pp1. N = 100, N> = 60
= —e—ppo. N = 100, Ny = 60
<= 0.8 J
=
2
5]
=
06
5
=
=
0 0.4
E
g
= 0.2
a,
o

0 ‘ . ‘

0 5 10 15 20

Delay Constraint of Device 1, DY

Fig. 5. Optimal backoff probability vs. delay constraints of device 1, where D, =10,and M =200 .

1 : - . 1%
<y ——pp1, N = 90, N; = 60 & ——po1. Ny = 90, Ny = G0
<08 - = po2. Ny = 90, Ny = 60 Z 08 = = Po2, N1 = 90, N3 = 60
5 —— o1y Vi = 90, N2 = 130 2 ——Doa. Ny = 90, N, = 130
!l 0.6 ——py, 0, N} = 90, Na = 130 o 0.6 —e—pp2, Ny = 90, Ny = 130 ||
H L . =]
g g
< e
& 04 = 04
E E
Eo02 =02

0 0 - - :

0 5 10 15 20 0 5 10 15 20
Dlay Constraint of Device 1, DY Delay Constraint of Device 1, DY
() 7=90 (b) =120

Fig. 6. Optimal backoff probability vs. delay constraints of device 1, where D' =D, ,and M = 200.

In Fig. 7, we compare the average spectral efficiency S; with full access, i.e., p,, =1,
with the optimal backoff mechanism we proposed. It can be seen that when N, increases

gradually, S; increases first and then tends to be stable with optimal p,,,but S; with p,, =1

increases first and then decreases. It can be seen that the system with optimal backoff
mechanism is obviously better than the system without backoff mechanism. We also find that
with the increment of the number of devices, the advantage of the optimal backoff mechanism
becomes more obvious, i.e., the gain of Si also increases. Therefore, in large user scenarios,
which is a typical scenario in 10T, it is necessary to adopt the optimal backoff mechanism we
proposed.
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Fig. 7. Average spectral efficiency per cell vs. number of device 1, where N; =N, and M =200.

5. Conclusion

This paper has investigated the GFRA in multicell massive MIMO systems with mixed-
type devices with delay constraints. The analytic approximation of the average spectral
efficiency is derived by using indicators which captured devices' behaviors uncertainty and
verified by simulation. we obtain the optimal backoff parameter for each type of devices under
their delay constraints. It is found that the optimal backoff parameters are closely related to
the devices number and delay constraints. In general, devices that have larger quantity should
have more backoff time before they are allowed to access. However, as delay constraints
become stricter, the required backoff time of devices reduces gradually, and the device with
larger quantity may have less backoff time than that with smaller quantity when its delay
constraint is extremely strict. Moreover, when the pilot length is short, the effect of delay
constraints mentioned above works more obviously. In conclusion, the system with backoff
mechanism is more practical and has better performance. Especially in the scenario of loT, it
is necessary to adopt the optimal backoff mechanism proposed by us.

Appendix
Appendix A

We assume that the U, isactive, and A, indicates the number of other k -th devices in the

| -th cell that non-collide with U, . We use N . to represent the average number of intra-

cell non-colliding devices of the k -th type device per cell. According to the backoff
probability of each type of device, we can get that the average number of active devices of the
k -th type is p, N, . Therefore, the probability that each device does not collide with other

devices in the same cell is
a {kzzi Pn,ka—lj
pe=|{1-= : (21)

T
Then, based on (14) and (21), using the binomial theorem, N . can be written as



198 Fang et al.: Grant-Free Random Access in Multicell Massive MIMO Systems with
Mixed-Type Devices: Backoff Mechanism Optimizations under Delay Constraints

Noone = B{Ani | = Zn[ ]pbk(l P) Py

By substituting (21) into (22), we can get the final result.

Appendix B
From (4), and with some basic math, we know that

E {giHmk'igimk'i } - Mﬂimk'i'
Let glmkl - |mk| ZZZ "k| ﬂlnkI5n1I<r|nkl \/7 then
imki

leG\i k=1 n_l imki

|mk i |mk i’

E, {Zl} ={

Mﬂinkié/imk'i’ (m7k :n’k),
R 2
where y, = g::nk'iginki .
I:)nkl M2 2 M
P Bioa MBS s
Ey{z,}=1 mi
Mﬂinkl imk'i !
Where ZZ = gimk'iginkl
Substitute the above conclusion into (9), then
P2.MpB> .
=|og2 1+ka'—ﬂ'mk' ,
41
where
'// ( mkl’Blmk +1)Q +(T ﬂ
+Z-Mpnk|Q +Tszk|ﬂ|mk| mklﬂlmkl
and

Z nklﬁmk|7/nk| + z z nklﬂlnkl}/nkl + Z ZZ nkl |nk|7/nkl’

n=1,nzm k=1,k=k n=1 1=1,l#i k=1 n=1
K mkl
QZ z Zz nklﬁlnklé‘nkl !
leG\i k=1 n=1
K Ny
mkl
QS Z ZZ nklﬂlnklé‘nkl '
leG\i k=1 n=1

M ﬁimk'i + ﬂlmklglmki' (m’k 7tn’k)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

For the power control factor, let &, =E{B.} . Hu =E{ﬂiﬁkl} , and the average
transmitting power of all devices is denoted by 7 and then substituted into (26). Therefore,

using Jensen’s inequality, (26) can be written as
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E{R .}~ {Iogz (1+ '\;jz J} > log, (1+%}

v, = (A +1)Q, + (1 +7)Q, + 1Q,Q,
+TMPQ, + A% + A+ 1A +1,

where

and
Ny

Z Yok Z i AV i + ZL: ZK:iPEim?/nklv

n=1,n k=1,kzk n=1 1=1,1#i k=1 n=1
Ny
K mkl
Z zz |nk| nkI '
leG\i
Ny
K mk|
Z ZZ LS, nkl :

IG\i k=1 n=1
Then, from Lemma 1, we can get that

_ K K L
E{Ql}zﬂ’pb,k(Nk' _1)"'2[ Z , pb,kaJ-l_P[z pb,kaj Z Ei s
K=Lk=k k=1 1T lei
K
{ }Z [Zpkakagikll
k=:

1 IG\i

{ }= %(ipkakj D Hi

k=1 leG\i

t~\|Q

fo(n.k,l)=

mkl
7’n1k1|1 n2k2I2 = Py, Poy,

2T Therefore, we can get
T
_ al & K
E{QQ W—(Zp k]{pb,k-(Nk- “1)+ > pb,ka} 2 €
T \ k=1 K=Lk=k' leG\i
AN : 2
+P _[Zpkak] 1+ pbk( : 1)+ Z Py Ni zgikl
T \ k=1 k=L k=k leg\i

+P2g(zpbk j Z Eita, €, -

=Ll i 1, eG\i | =k

Then, by substituting (33) and (34) into (30), we can get the final result.
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