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ABSTRACT In 5th generation (5G) systems, two-step random access has been introduced for machine-
type communication (MTC) to lower signaling overhead. It is also shown that when a base station (BS) is
equipped with a large number of antennas, the notion of massive multiple-input multiple-output (MIMO)
can be exploited to improve the performance in terms of throughput and spectral efficiency. In this paper,
we consider the case that a BS is equipped with a small number of antennas, in which a sufficiently
high spatial selectivity cannot be obtained, and propose an approach to two-step random access based
on beam selection that can perform well with a small number of antennas. In the proposed approach,
spreading sequences are also used in conjunction with beam selection to mitigate interference due to limited
spatial selectivity. To analyze the performance of the proposed approach, the distribution of the signal-to-
interference-plus-noise ratio (SINR) is derived as a closed-form expression and the throughput is found.
We compare the throughput of the proposed approach with those of conventional two-step random access
approaches through analysis and simulations. While the theoretical results agree with simulation results,
we can see that the proposed approach outperforms conventional ones when the number of antennas is small
for a wide range of traffic intensity.

INDEX TERMS Random access, machine type communication, beam selection.

I. INTRODUCTION access based transmission schemes are considered for MTC
For the Internet of Things (IoT), it is expected to connect a thanks to their low signaling overhead [7], [8].

large number of sensors and devices to the Internet. In order In order to further reduce signal overhead for short packet
to provide devices’ connectivity, various approaches are transmissions in MTC, two-step random access has been

considered [1]. Machine-type communication (MTC) in 5th proposed in 5G [9], [10]. Two-step random access is also
generation (5G) cellular systems has been actively studied called grant-free random access, because active devices
[2], [3], [4] to provide connectivity for a large number of transmit data packets without obtaining any reserved channel
devices with a wide area coverage. Diverse use-cases of resources [11], [12], [13], which differs from a well-known
MTC in IoT applications are presented in [5]. In [6], various 4-step random access [7]. As discussed in [14], two-step
issues of MTC in cellular IoT networks including device- and random access can be used with massive multiple input
network-level challenges as well as machine learning-aided multiple output (MIMO) [15], [16] to improve the spectral
solutions are extensively discussed. In MTC, although there efficiency by exploiting a high spatial selectivity, while its
are a large number of devices to be connected, in general, they throughput is limited by the number of preambles [17], [18],
have short data packets with sporadic activity. Thus, random [19], [20].
Although massive MIMO can provide a number of
advantages to two-step random access, in practice, a base
The associate editor coordinating the review of this manuscript and station (BS) may not be able to have a large number of
approving it for publication was Nurul I. Sarkar . antennas because of cost and space. In [21], through an
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analysis of the signal-to-interference-plus-noise ratio (SINR),
it is shown that ideal performance of massive MIMO cannot
be expected with a relatively small number of antennas (e.g.,
few tens).

In this paper, we consider a two-step random access
approach that can be used when a BS has only a few
antennas. In order to exploit the spatial selectivity with a small
number of antennas, beam selection is considered together
with spread spectrum to reduce collisions. In the proposed
approach, multiple beams are formed, and each active device
is to choose one of beams. Each beam is associated with a
subset of spreading sequences, which is called a sub-pool.
Within a sub-pool, the spreading sequences are orthogonal,
while those in different sub-pools are not, which may result
in a strong interference. However, because of the spatial
selectivity of multiple beams, the interference from other
active devices in different beams becomes limited and the
resulting SINR can be reasonably high. Note that spreading
sequences had been widely used for code division multiple
access (CDMA) systems in order to mitigate co-channel
interference (CCI) [22]. As in [23] and [24], the effective use
of beamforming and spreading can successfully mitigate the
CClI in the space-code domain.

The main contributions of the paper are as follows:

i) a two-step random access approach that can effectively
exploit the beam space with a small number of antennas
is proposed;

ii) in order to understand the performance of the proposed
approach, the distribution of SINR is analyzed with an
upper-bound and approximations;

iii) the proposed approach is compared with conventional
approaches in terms of throughput based on the analysis
and simulations.

While the first one is the main one, the other two would be
the consequences of the first one. Note that when grant-free
random access schemes exploit the space domain, they
usually require massive MIMO, e.g., the approaches in
[11] and [12], to exploit channel hardening and favorable
propagation [16]. However, when the number of antennas
is relative small (which may be a more realistic case), such
approaches cannot be employed. The proposed approach is
to exploit the space domain with a small number of antennas
using beam selection: to the best of our knowledge, there is
no similar approach to the proposed approach.

The rest of the paper is organized as follows. In Section II,
we review two-step random access and discuss its limitations.
The proposed approach is presented with its system model
in Section III. The SINR is analyzed in Section IV and
the throughput is obtained and compared with those of
conventional approaches in Section V. We present simulation
results in Section VI and conclude the paper with remarks in
Section VIL.
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NOTATION

Matrices and vectors are denoted by upper- and lower-
case boldface letters, respectively. The superscripts T and H
denote the transpose and complex conjugate, respectively.
E[-] and Var(-) denote the statistical expectation and
variance, respectively. CN(a, R) represents the distribution
of circularly symmetric complex Gaussian (CSCG) random
vectors with mean vector a and covariance matrix R.

Il. BACKGROUND

In this section, we briefly explain grant-free or two-step
random access that is employed for MTC in 5G [9] and
discuss its limitations.

A. TWO-STEP RANDOM ACCESS

In two-step random access, active devices transmit signals
to a BS in the first step, and in the second step, the
BS informs devices with the outcomes of transmissions
(i.e., acknowlegement (ACK) for successful transmissions or
negative ACK (NACK) for unsuccessful transmissions). For
the first step that has preamble transmission phase (PTP) and
data transmission phase (DTP) as shown in Fig. 1, one time
slot can be used. Each active device chooses a preamble from
a pool of L preambles, C = {c, ..., ¢, }, where ¢; represents
the /th preamble, uniformly at random, and transmits it in the
PTP. In the DTP, a data packet is then transmitted. Since all
the devices are synchronized, it is expected that the length of
data packet is the same for all devices (or the length of data
transmission phase is decided by the maximum length of data
packet among all the devices).

Preamble Data Packets
Preamble Data

Transmission Phase Transmission Phase

FIGURE 1. Two phases in a slot (i.e., the PTP and DTP) for two-step
random access.

B. LIMITATIONS

In two-step random access, the size of resource block for DTP
is proportional to the number of preambles [10]. In particular,
we can assume that there are L mini-slots for DTP, and there
is a one-to-one correspondence between L preambles and L
mini-slots. For example, if an active device chooses the /th
preamble, it transmits its data packet through the /th mini-slot
during DTP. The resulting two-step random access approach
is referred to as type-1 approach (i.e., the approach in 5G
standards [10]) for convenience. In type-1 approach, if an
active device experiences a preamble collision, its packet
will be collided with the packets transmitted by the active
devices that choose the same preamble. This implies that the
performance is limited by the number of preambles, L, while
L cannot be arbitrarily large as more resources are required.
To see this, consider time division multiplexing (TDM) for
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L mini-slots and assume that the preambles are orthogonal.
In this case, the length of preambles is L (in unit time!) and
the length of slot (in unit time) becomes

T=L+LB=L(l+B), (1

where B is the length of mini-slot or data packet, which shows
that 7" increases with L. In addition, 7 is limited to be less than
the coherence time.

If the BS is equipped with multiple antennas, it is possible
to support multiple active devices in the same resource block
by exploiting the spatial selectivity [14]. That is, there is no
need to have L mini-slots, and the spectral efficiency can be
significantly improved. The resulting approach is referred to
as type-2 approach (i.e., the approach in [14]), in which the
length of slot becomes

T=L+B. @

Compared to type-1 approach, type-2 approach can have a
shorter slot length or a longer data packet (with the same
length of slot), which can lead to a higher throughput.
Unfortunately, if the number of antennas at the BS is not
sufficiently large to exploit the spatial selectivity, type-2
approach may not be efficient unless the number of active
devices is small.

In general, type-2 approach is preferable to type-1 when
the BS is equipped with a large number of antennas as the
spatial selectivity can be well exploited. On the other hand,
if the BS has one antenna, there is no choice but to use the
type 1 approach. However, as mentioned above, if the number
of antennas is small,? type-2 approach may fail to provide a
good performance, while type-1 approach is unable to exploit
multiple antennas. In this paper, we propose a two-step
random access approach different from the conventional ones
that can provide better performance when the conventional
approaches do not provide good performance.

Ill. SYSTEM MODEL

In this section, we present the system model for the proposed
approach with one BS equipped with M antennas, where
M > 1, and a number of devices. Each device is equipped
with a single antenna. Throughout the paper, we assume that
time division duplexing (TDD) is assumed so that the channel
reciprocity can be exploited as in massive MIMO [15], [16],
[25], while M is not sufficiently large so as to exploit the
key properties of massive MIMO such as channel hardening
effect.

A. THE PROPOSED APPROACH
As mentioned earlier, the proposed approach is based on the
channel reciprocity in order to effectively use beam-space.

IThe unit time is equivalent to the symbol duration, which is inversely
proportional to the system bandwidth.

2For type-2 approach, it is expected to exploit channel hardening and
favorable propagation from massive MIMO [16], which is based on the law
of large numbers. Thus, if the number of antennas is not large enough, these
properties cannot be exploited. Thus, we focus on the case of a small number
of antennas, say up to 10.
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A slot is divided into two sub-slots. In the first sub-slot, the
BS sends orthogonal pilot signals through D beams, where
each beam is characterized by beamforming vector d, wy €
CM | in order to allow active devices to choose one of the D
beams as illustrated in Fig. 2. That is, the BS transmits the
following signal through M antennas: >"5_; baw!l € CPO*M,
where the b,’s are orthogonal beacon signals of length D.
For convenience, this phase is referred to as the beam-space
probing phase (BSPP).

«Ia «I”

EY
Ly

\ DTP

\(( ))l ,
BSPP ((I))
(( I )) Device

Base Station
- Slot
BSPP DTP

TP < QB |

FIGURE 2. An illustration of the proposed approach based on beam
selection with a slot consisting of BSPP and DTP.

The second sub-slot is used for DTP where active devices
transmit their data packets. During DTP, the BS also uses
the same set of D beams to receive the signals from active
devices thanks to the channel reciprocity. As in CDMA [22],
in order to differentiate transmitted packets from different
active devices, spreading sequences are used, which will be
explained in the next subsection. The length of slot, 7', in the
proposed approach becomes

T =D+ 0B, 3

where Q is the length of the spreading sequences or spreading
gain. However, unlike conventional CDMA, each active
device does not have own spreading sequence, but chooses a
spreading sequence that is associated with its selected beam.

In summary, the proposed approach has the following key
steps:

S1: (Downlink) The BS broadcasts orthogonal pilots
through D beams, which is the BSSP as shown in Fig. 1.

S2: (Uplink) Each active device chooses a beam among D
and transmit its packet with spreading, which is the DTP
(see also Fig. 1). We will explain how to select a beam
at each device in Subsection III-C.
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B. BEAM SELECTION ASSOCIATED WITH SPREADING
SEQUENCES

In the proposed approach, we aim to associate multiple beam
spaces or beams with subsets of spreading sequences. To this
end, we assume that the set of spreading sequences is divided
into D subsets as follows:

C=UL_Cs, CaNCyp =9, d#d, 4)

where C4 represents the dth subset of spreading sequences,
which is referred as the dth sub-pool of spreading sequences.
For convenience, let ¢4, denote the gth spreading sequence
in sub-pool d. We assume that |Cy| = Q, i.e., the number of
spreading sequences per beam is Q.

Throughout the paper, we assume that the spreading
sequences in a sub-pool are orthogonal, while those in
different sub-pools are not. Thus, the length of the spreading
sequences is Q. For a specific design, we can consider Alltop
sequences [26], [27] (Zadoff-Chu sequences [28] can also be
used). Let ¢p; denote the /th Alltop sequence of length Q with
[|@;|| = 1forall/, where Q > 5is aprime. Then, the dth sub-
pool becomes Cy = {¢Q(d—l)+l7 el ¢Qd}, d ef{l,..., D},
e, Cag = Pgu—1)+q- Since Alltop sequences are used,
D < Q and the correlation between two spreading sequences
in different sub-pools is —=.

In Fig. 3, we show D sub-pools of spreading sequences
associated with D beams. If active devices in the same beam
choose different spreading sequences, they do not interfere
with each other. On the other hand, active devices in different
beams interfere with each other as the inter-correlation of sub-
pools of spreading sequences is —L_ However, since they are
in different beams, the their channels are less correlated in the
spatial domain and interference is mitigated.

Beam 1 G ={c11 €10}

o __:S:j__jp_t;e;r-correlation= —
Beam d C1 ={Cq,1, - Ca0}
Beam D Cp ={cp1, -, Cpg}

FIGURE 3. Sub-pools of spreading sequences associated with D beams.

C. BEAM SELECTION AT DEVICES
Suppose that device k is active and receives the signal in the
BSPP from the BS. Then, the received signal is given by

D
Vi = (Z bdwg) hy +ny. )

d=1
where hy € CM*1 is the channel vector from the BS to device

k and ny ~ CAN(0, o°T) is the background noise at device

139906

k. Here, o2 is the noise variance and [hy],, represents the
channel coefficient from the mth antenna at the BS to device
k. The output of the dth correlator with b, at device k is given
by

Vid = bZI Yk
= wilh; + blln;, (©6)

which can be seen as an estimate of the composite-channel
coefficient, wghk. Then, device k can use v 4 to choose
the spreading sequence sub-pool corresponding to the largest
composite-channel gain as follows:
d(k) = argmax |vql’, ©)
de(l,...,D}
where d(k) is the index of the selected spreading sequence
sub-pool at device k.

D. RECEIVED SIGNALS AT BS

As mentioned earlier, spreading sequences are used for active
devices to transmit their packets. Suppose that an active
device, say device k, chooses spreading sequence ¢; =
[cro --. Cl’Q_l]T € C¥. Since the same spreading sequence
is used to spread every data symbols in a packet, the spread
signal for the nth data symbol, denoted by sk ,, is usually
given by [22]

Xk nQ+q=Cl,gSkn» 4 =0,...,0—landn=0,...,B—1,
or

T
Xin = [Xkng -+ Xk,nr)o—11" = €Sk n-

Thus, in this subsection, we only consider the received signal
for one data symbol. For convenience, the data symbol index
n is omitted.

Let K be the index set of active devices. Then, thanks to
the channel reciprocity, the uplink channel vector is the same
as the downlink channel vector, hg, and the received signal
during DTP at the BS can be given by

R = siciphi +NeCO, ®)
kel

where [(k) represents the index of the spreading sequence
chosen by device k and N is the background noise with
[Nlgm ~ CN(0, Np). Here, [Rly,m and [N]g,,, represent
the received signal and background noise at the gth symbol
duration of the PTP through the mth antenna, respectively.
The output of the dth beamformer is given by

rg = Rw)

= (Z Skcl(k)hg) W; + ny

kelC
z skcl(k)hzw;’; + Z Skcl(k)hzwz +ny, )
kekq kel@d

where ny = Nw}, Ky represents the index set of the active
devices that choose the dth sub-pool or the dth beam, and
Ka=K\Kq4.
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In (9), according to (7), for k € K4, the composite-
channel gain, [hiw#|%, would be high, while it would be
low for k € K4. That is, the spatial selectivity can be
exploited using beam selection. As a result, the interference
from the other active devices choosing different sub-pools
or beams, Zk Ky cz(k)hzwj}, is expected to be insignificant,
which may lead to a reasonably high SINR (unless there are
other active devices in the same beam choosing the same
spreading sequence). For convenience, this interference is
referred to as the inter-pool interference, and the SINR will
be discussed in the following section.

IV. SINR ANALYSIS

In this section, we derive the outage probability of the SINR,
which is also the cumulative distribution function (cdf), from
(9) and explain the advantage of the association between sub-
pools and beams in Subsection III-B.

In each spreading sequence sub-pool, there are Q spreading
sequences. Thus, in order to despread the transmitted
spreading sequences, the output of each beamformer becomes
the input to a bank of Q correlators and the output of the gth
correlator is given by

H
id,qg = cd,qrd
H T H ~
=cl, D s w) +cif (ug +hg).  (10)
kelky
where u; = Zk Ry skcl(k)hzwz is the dth inter-pool
interference.

For k € Kg4, ¢j) is one of the spreading sequences in Cy.
Thus, for the signal term in (10), there is one of the following
cases:

C0: No active device choosing ¢4 4: In this case, we have

H T
Cd)q Z cl(k)hkwd =0.
keky

C1: Only one active device choosing ¢y 4: In this case,
we have

cg’q Z ciohl wh = hiw,. (11)
kelky

If the SINR is sufficiently high, the BS can decode the
signal from the active device.

C2: Multiple active devices choosing ¢4,4: In this case,
a spreading sequence collision happens, which means
that the SINR can be low due to the interference from
the other active devices that choose the same spreading
sequence. Thus, we assume that the BS fails to decode
the packets.

Clearly, we are only interested in Case of C1 to find the
SINR, which has the signal power, |thw;§|2, for k € Ky
where |[ICy| = 1, according to (11).

In (10), due to the cross-correlation between spreading
sequences in different sub-pools, the inter-pool interference
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becomes

c];!qud = cg’q Z skcl(k)hzwﬁ
kel@d
1 .
= — > *taghiw;, (12)
N{
kely

where 6 4.4/ (c}f 4C1) € 10, 270).

For convenience, let K; = |K4| and K; = |K,4], and we
only focus on the output of the first beamformer to derive the
SINR, i.e., d = 1, without loss of generality. In addition,
let k(1) be the index of the active device that chooses the
first beam, assume that s; is independent and identically
distributed and has zero mean. Denote by E; = E[|sx |2] the
symbol energy. Then, from (10) and (12), for Case of C1, the
SINR becomes

Es|th(1)Wl |2
BS ek, w1 + Elc NwiwhNey ]
|th(1)W1 |2

= : (13)
5 Sker, w12 + Liwil 2

SINR =

where y = 5—(‘) is the signal-to-noise ratio (SNR). Since the
channel vectors are random, the SINR in (13) is a random
variable. For a coded packet, we assume that the BS can
succeed to decode it if the SINR is greater than a threshold
that is denoted by I' > 0. As a result, the outage probability,
which is also the cdf of SINR (if < is replaced with < in the
following equation), is given by

Pous(T, K) = Pr(SINR < T | K), (14)

which is the probability that the BS fails to decode under
Case of C1 when there are K = |K| active devices. That is,
although there is no spreading sequence collision, the BS can
fail to decode as the SINR is not sufficiently high. In what
follows, we will find the outage probability.
For tractable analysis, we consider the following assump-
tions.
Al: The beams, wy’s, are orthonormal, i.e., wgwd/ = 0d.q'-
This implies that D < M as wy € CcM,
A2: The channels are modeled as independent Rayleigh
fading channels so that

h;, ~ CN(O, D). (15)

Assumption of Al is valid when random orthogonal beams
are employed. In MTC random access, the BS is unable to
know if a device is active before it sends a signal. As a
result, the locations of active devices are unknown, and beams
cannot be formed towards them. Thus, random orthogonal
beams might be natural to use.

The channel gain of an active device is in general
dependent on the distance between the BS and the device.
Thus, in (15), the large-scale fading term has to be included.
However, we drop this under the assumption that each
active device is able to perform open-loop power control
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to compensate the large-scale fading term [29]. With ideal
power control, the resulting channel coefficients from the
BS’s perspective can be expressed by the small-scale fading
terms with Rayleigh fading as in (15).

‘We can derive an upper-bound on the outage probability in
(14) under the above conditions and assumptions as follows.

Lemma 1: Suppose that Assumptions of A1 and A2 hold.
For a given K = |K|, we have the following upper-bound on
the outage probability:

2 (D\, _r ,{ DQ+Td \*"!
Pour(F,K)Sg)(d)(—e ) (m) . (16)

Proof: See Appendix A. [ |
For given I' and K, based on (16), an approximate outage
probability can also be found as follows.
Lemma 2:
D ~ K—1
D _r DQ+T'd
Pou (T, K) ~ —e )| =——— , (17
our (T, K) Z(d)< ) (D(Q”d)) (17)

d=0

where 0 = % that is referred to as the effective spreading
D 1
gain. Here, ¢ = %.
Proof: See Appendix B. ]

Since ¢ < 1, we can see the effective spreading gain is
greater than or equal to the spreading gain, i.e., 0 > Q. From
this, we see that the approximate outage probability in (17) is
lower than the upper-bound in (16).

In order to gain insight into the outage probability, a simple
expression for the outage probability can be considered if
I'D < Q so that it leads to the following approximation:

K—1
1+ Ld _
L)L)
1+ '
Q
From this, (17) can be further approximated as
b ra \ K-1
D r + 55
Pou(T,K)~ > ( d)(—e N
d=0 +'2§

(K—l)(l—%)

-r %4_ \ )D
%(1—6 ( ¢ ) (18)

As shown in (18), thanks to the beam selection, we can have
a diversity gain of D in the outage probability [30], while
the inter-pool interference is mitigated by a factor of Q or
Q, which is the spreading gain.

In Fig. 4, we show the cdf of the SINR when D = M =4,
Q = 11, K = 10, and y = 10 dB. We can see that the
approximation in (17) is quite close to the empirical result.
In addition, (18) is also tight when the outage probability is
sufficiently low (i.e., < 0.4).

V. SUCCESS PROBABILITY AND THROUGHPUT
In this section, we focus on the success probability from an
active device’s perspective and derive the throughput that
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—— Empirical Result
= = Upper-bound in (16)
Approx. in (17)

—-—=Approx. in (18)

L L L L
0 1 2 3 4 5 6 7 8 9 10

FIGURE 4. The empirical cdf of the SINR with the upper-bound in (16), the
approximations in (17) and (18) when D =M =4, Q = 11, K = 10, and
y =10dB.

represents the system performance. We also compare the
performance of the proposed approach with the conventional
approaches.

A. PERFORMANCE OF THE PROPOSED APPROACH

In the previous sections, the number of active devices, K,
is assumed to be fixed. However, in practice, the number of
active devices varies and can be seen as a random variable.
As discussed in Assumptions of Al and A2, for random
channels and orthogonal beams, we assume that the number
of the active devices that choose beam d is independent. Thus,
K can be seen as the sum of D independent random variables
as follows: K = Zé): 1 K4. Provided that K follows a Poisson
distribution with mean A (here, X is the traffic intensity or the
average number of active devices per slot) [31], we have the
following assumption.

A3: The K;’s are independent and
. A
K, ~ Poiss o) d=1,...,D. (19)

Since the sum of independent Poisson random variables is
also Poisson [32], (19) is valid when K is Poisson and each
active device can choose one of D beams equally likely. With
(19), we will find the success probability and throughput in
this section.

The success probability is the probability that an active
device can successfully transmit its data packet. The event of
successful packet transmission happens if i) Case of C1 holds
and ii) the SINR is greater than or equal to I". Based on the
two above conditions, the success probability can be found as
follows.

Lemma 3: Under Assumption of A3, the success probabil-
ity is given by

_a
Q e?

Pgyec = (1 - Pout(r))Q 1

(20)
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Here,
Pous(T) =E[Pr(SINR < T |I_(1)], 21

where the expectation is carried out over K7, its upper-bound
and approximation are given by

D
D _L 4 —AD=L_Td_
Pou(T) < D ( )(—e e A pedtn (22)
d
d=0
D D T _\D=1_Td
Pou(D)~ > ( d)(—e )te PIoEd.(23)
d=0
Note that if Q = 1, it can be shown that
b
Psyee = (1 — Pout(r))—k~
1—e D
Proof: See Appendix C. [ |

In Fig. 5, we show the success probability in (20) for
different values of traffic intensity, A, when Q = 11, M =
D =4,y = 10dB, and I' = 6 dB. It is shown that
the success probability decreases with A\ as there are more
active devices. When the upper-bound in (22) is used, we have
a lower-bound on the success probability. An approximate
success probability can also be found with (23), which is quite
close to simulation results. Thus, in finding the throughput
below, we will use (22).

% Empirical Result
09 K - = With Eq. (22)
M| * With Eq. (23)
08 [N ¢
\
0.7 AN
2 \
5 v X
506 < *
8 \
Qo5 N 4 *
2 N *
§ 0.4 N . *
3 . A\t
03 So *
~ : *
~ *
0.2 ~ >
N *
s - A -
0.1 — * e
0

. . . . . . .
0 2 4 6 8 10 12 14 16 18 20
Traffic Intensity, A

FIGURE 5. Success probability for different values of traffic intensity, )\,
whenQ=11,M=D=4,y =10dB,and T =6 dB.

While the success probability in (20) is a performance
metric from an active device’s perspective, the throughput
is the average number of the active devices that succeed to
transmit their packets, which is a performance metric from the
system’s point of view. In the following result, the throughput
is given.

Lemma 4: Under Assumption of A3, the throughput is
given by

.
Nprop = (I = Py (I")) Ae™ 2P, (24)
Proof: See Appendix D, [ |
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B. THROUGHPUT COMPARISON WITH THE
CONVENTIONAL APPROACHES

In this subsection, we consider two conventional approaches,
i.e., type-1 and type-2 approaches, for comparisons.

We assume that the preambles are orthogonal in type-1
and type-2 approaches and the number of active devices, K,
follows the Poisson distribution according to Assumption of
A3. For type-1 approach, we consider one mini-slot and the
SINR when there is only one active device (in this case, the
SINR is actually the SNR) without any interference, which
has the following outage probability:

Pr(SINR < I') = Pr(y||h¢||> < T) = Pr (XZZM < Z—F)
Y
(25)

where X,f represents a chi-square random variable with
n degrees of freedom, according to Assumption of A2.
This shows that type-1 approach fully exploits the antenna
diversity gain to increase the SINR. Then, the throughput
of type-1 approach, which is the average number of active
devices that can successfully transmit their data packets,
becomes

1 K—1
nm=E [(1 —Pr(SINR < ) K (1 - Z) }

5 2r DN
=|1—-Pr (XZM < 7)) Ae L. (26)

For comparisons, consider (24) and (26). If the ouAtage
probability is sufficiently low, we can have 1,0, ~ Ae 20 <
QDe_1 and n; ~ /\e_% < Le~!. Thus, if Q0 = L, we can
see that the proposed approach can have a higher maximum
throughput than type-1 approach by a factor of D.

In type-2 approach, the signals transmitted by K active
devices co-exist and the distribution of the SINR obtained
in [21] for a small number of antennas can be used. Since
the distribution of the SINR depends on K, the throughput of
type-2 approach becomes

1 K—1
n2 :]ET|:(1 — Pr(SINR < F|K))K(1 — Z) ]

A
=X I —¢

o Pr(SINR < T'|k) ()\ (1 _ %))k*1
k — 1)! ’

X
k=1

27)

under the assumption that the BS fails to decode the signals
transmitted by the active devices associated with preamble
collisions.

For fair comparisons, we need to consider the normalized
throughput. As shown in Fig. 1, the length of data packet in
data transmission phase becomes T — L. Thus, assuming that
the slot consists of 7 unit times, the normalized throughput
(i.e., the average number of successfully transmitted packets
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per unit time) or spectral efficiency is given by

T—-L
= 28
K1 M (28)

T-L
T
In «1, we have L in the denominator as the DTP has
L mini-slots. Clearly, type-2 approach can have a higher
normalized throughput than type-1 approach by a factor of L.
In particular, in type-1 approach, when M is sufficiently large,
we may have n; = Ae” L. Thus, from (28), the normalized
throughput becomes
T—LXN_x T-L _,
Kl =——~-e L = e
T L T
where the inequality is obtained using xe ™ < e~ ! forx > 0.
This shows that the normalized throughput cannot exceed ¢!
(although T — o0), which is also the maximum throughput
of ALOHA. On the other hand, in type-2 approach, if n, —
/\e’% for a large number of antennas, from (29), we can see
that ko becomes

T-L
Ky = ————

Ky = n2, (29)

A T-L
L—e <
T L T

which just confirms that the normalized throughput of type-2
approach can be L-time higher than that of type-1 approach.
However, if M is small and K is relatively large, the SINR of
type-2 approach may not be high. In this case, the normalized
throughput of type-1 approach can be higher than that of
type-2 approach (in Section VI, we will see more details).

The normalized throughput of the proposed approach is
given by

>

Le~ ! < Le_l,

T—-D
Kprop = T—anrap~ (30)

Here, we have Q in the denominator due to the spreading
gain Q. By comparing (30) and (28), we can see that the
normalized throughput of the proposed approach may be
similar to that of type-1 approach if L = Q. However, if np,p
is higher than 51, the proposed approach can have a higher
normalized throughput than type-1 approach.

VI. SIMULATION RESULTS
In this section, we present simulation results to compare
the performance of the three different approaches, namely
type-1, type-2, and the proposed approaches, in terms of the
normalized throughput. For simulations, Assumptions of A1,
A2, and A3 are used to generate the channel vectors and the
number of active devices. For convenience, we assume that
the number of preambles, L, in type-1 and type-2 approaches
is equal to the number of spreading sequences per beam, Q,
in the proposed approach, i.e., L = Q. In addition, the length
of slot is fixed as T = 128. Note that the outage probability
of SINR in (22) is used to find the normalized throughput of
the proposed approach.

Fig. 6 shows the normalized throughput curves as functions
of traffic intensity, A\, when ' = 128, Q0 = 17, M = D =4,
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y = 10 dB, and ' = 4 dB. Type-2 approach provides
a high normalized throughput when A is small (i.e., < 5).
As mentioned earlier, if A is small, the spatial selectivity with
M = 4 antennas could be sufficient to support a relatively
small number of active devices within the shared channel
resource in type-2 approach. However, as A increases, there
are more active devices that result in a low SINR and a low
normalized throughput. Thus, for a large A (i.e.,, A > 5),
we can see that the proposed and type-1 approaches perform
better than type-2 approach. Furthermore, the proposed
approach outperforms type-1 approach for a wide range of \.

X Type-1 (Sim.)

07l A = = Type-1 (Theory)
’-' X Type-2 (Sim.)
[ —-=-Type-2 (Theory)

086 L ¢ Proposed (Sim.)

’g_ ] Proposed (Theory)
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FIGURE 6. Normalized throughput curves as functions of traffic intensity,
A, of type-1, type-2, and proposed approaches when T = 128, Q = 17,
M=D=4,y=10dB,and T = 4 dB.

It is noteworthy that as mentioned earlier, the normalized
throughput of type-1 cannot exceed e~! A 0.367, while the
other approaches can have a higher normalized throughput
than ¢~! as shown in Fig. 6.

Fig. 7 shows the normalized throughput curves as functions
of the number of antennas, M = D, when T = 128,
Q0 =17,A2 =10,y = 10dB, and I' = 4 dB. While
the normalized throughput of type-2 increases rapidly with
M, its performance is quite limited when M is small (e.g.,
< 10). As mentioned earlier, this results from a low SINR
as multiple signals co-exist in the shared channel resource
in type-2 approach. It is also observed that the proposed
approach performs better than type-1 approach for a wide
range of M. Clearly, this shows that the proposed approach
is a better option for two-step random access than the others
when M is not large.

As the threshold SINR, I', increases, the BS can fail to
decode a packet although no collision happens. Thus, we can
expect that the normalized throughput decreases with I'.
Fig. 8 shows the normalized throughput curves as functions
of target SINR, I', when T = 128, 0 = 17, M = D = 4,
A = 10, and y = 10 dB. As expected, the normalized
throughput decreases with I'. In particular, a sharp decline can
be observed in type-2 approach. On the other hand, in type-
1 approach, the decline is negligible as the SINR can be
sufficiently high thanks to the antenna diversity gain. In the
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FIGURE 7. Normalized throughput curves as functions of the number of
antennas, M = D, of type-1, type-2, and proposed approaches when
T=128,Q=17,A=10,y =10dB,and I = 4 dB.

proposed approach, due to the spreading gain, the decline is
not significant compared to that of type-2 approach.
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FIGURE 8. Normalized throughput curves as functions of target SINR, I,
of type-1, type-2, and proposed approaches when T =128, Q = 17,
M=D=4,)=10,and y = 10 dB.

Since T = 128 is fixed, when Q increases, the duration of
DTP decreases, which may result in the decrease in the nor-
malized throughput. Fig. 9 shows the normalized throughput
curves as functions of the number of preambles per beam,
OQ=L,whenT =128, M =D =4, A =10,y = 10dB,
and I' = 4 dB. Since the length of Alltop sequences has to
be a prime, we only consider primes less than 50 in Fig. 9.
In general, as Q increases from 1, the probability of collisions
decreases and the normalized throughput increases. However,
as mentioned earlier, the increase of Q leads to the decrease of
the duration of DTP and eventually decreases the normalized
throughput as shown in Fig. 9. In general, for a wide range of
0, we can see that the proposed approach outperforms type- 1
approach. Note that type-2 approach does not provide a good
performance and is less sensitive to Q in this case, since its
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SINR is not sufficiently high due to a relatively large number
of active devices (i.e., A = 10 > M = 4).
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FIGURE 9. Normalized throughput curves as functions of the number of
preambles per beam, Q = L, of type-1, type-2, and proposed approaches
whenT =128, M=D=4,)=10,y =10dB,and I' = 4 dB.

VII. CONCLUDING REMARKS

Provided that a BS is equipped with a large number of
antennas, the spatial selectivity can be exploited to support
a large number of devices in two-step random access (where
the channel vectors of multiple devices are asymptotically
orthogonal) for massive connectivity in IoT applications
such as smart farming and smart cities. However, the spatial
selectivity becomes limited as the number of antennas
decreases. Thus, different approaches to exploit the spatial
selectivity would be desirable. In particular, most MTC
technologies, such as narrowband (NB)-IoT for cellular IoT
applications, use relatively low carrier frequencies (i.e., sub-
GHz), making it difficult to equip BSs with large antenna
arrays.

In this paper, based on beam selection to effectively
exploit the spatial selectivity with a small number of
antennas at a BS, we proposed a two-step random access
approach that can provide a good performance. Spreading
sequences have also been used in conjunction with beam
selection to mitigate interference. In order to see the
performance of the proposed approach, we derived the
outage probability of SINR and obtained the throughput.
The proposed approach was compared with conventional
approaches in terms of normalized throughput, and it was
shown that the proposed approach can perform better than
conventional approaches when the number of antennas
is small.

There are a number of issues to be investigated in the
future. For example, an active device can select a beam
based on not only its channel gain, but also the likelihood of
collision with other active devices. This may require learning
of past beam selection by other devices, and reinforcement
learning [33] can be applied.
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APPENDIX A

PROOF OF LEMMA 1

For convenience, let hy = hy() and hy = g; fork € ICl in
(13). According to (7), it can be shown that

Ihf'wi|? > max |hilw,|?, 31)
de{2,...,D}
H 2 H 2
wi|© < max w,|°, 32
Wil = max | giwal (32)

i.e., (31) is valid as the active device chooses the beam that
has the maximum channel gain and (32) is valid as all the
active devices in 161 choose different beams than beam 1,
wi. Under Assumptions of Al and A2, we can see that
|thwd|2 ~ Exp(l), i.e., an exponential random variable.
Thus, from (31), letting X = |h]1'lwl|2, we can see that
PriX < x) = (1— e’x)D, i.e., X is seen as the largest
order statistics for given D independent exponential random
variables [34]. Let

Y= lgitw? (33)

k€/€1

be the interference term in (13). Then, with ¢ = %, we have

Pou(I) = Pr(é}i - < r)
(e (321
~E [(1 - e—(5+c)F)D:| . (34)

According to (32), we see that | ngw1 |? is any order statistics
other than the largest order statistics. Thus, we have

&
Pr(Y <y)>Pr[ D> Xu<y], (35)

m=1

where X,, ~ Exp(l) is iid. Letting ¥/ = Zm | Xim> we

can say that Y’ is stochastically larger than Y [35]. Since the
—(r
function (1 —e <Q+C)F) in (34) is an increasing function

of Y, we have

E [(1 _ e(éﬂ)r)D} <E [(1 _ e(Z'“‘)F)D} (36)

according to [35, Proposition 8.1.2]. Substituting (36) into
(34), for a given K| = ||, it can be shown that

Pr(SINR < T' | K))

53 () (—1 ) PR
=\ +%
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Under Assumptions of Al and A2, since beams and active
devices can be seen as bins and balls, respectively, the event
that K, devices (or balls) choose beams (or bins) 2, ..., D,
has the following probability:

K —1 1 k 1 K—1-k
0-p) B) o

as there are K — 1 other active devices excluding the active
device of interest. Applying (38) to (37), we have

Pr(K; = k) = (

K
> Pr(SINR < I'| K| = k) Pr(K; = k)
k=0

Ly DO+ Td \¥!
<Z( )( ‘ (D(Q+Fd)) -

which is given in (16). This completes the proof.

Pout(r7 K) =

APPENDIX B
PROOF OF LEMMA 2
Due to the inequality in (35), we have an upper-bound on
the outage probability as in (16). Without using (35), we can
have a tight approximation. To this end, we need the following
result.

Proposition 1: LetY in (33)be Y = Z ki Y;, where Y; is
the ith elements of {|gk wil2 k € K1). Then the mean of Y;
is given by

- Zn—

= ) (40)

E[Y;] =

Proof: From Assumptions of Al and A2, Ig}jwd % is seen

as an independent exponential random variable with mean 1.
Then, with d = 1, according to (32), ¥; becomes an order
statistics except the maximum. Let X1, . . ., X(p) be the order
statistics of D independent exponential random variables with
mean 1, where X() represents the dth smallest order statistics,

ie, Xy < ... < Xpp). Then, Y; can be one of X(4) except
d = D. From this, we have
D
(D — DE[Yi] + E[X(p)] = D E[X@)] = D. (41)
d=1

Since the mean of the largest order statistics is given by
E[Xp)] = X5 J [34], E[Y;] can be given as in (40), which
completes the proof. [ ]

For an approximation, we now assume that Y; is an
indeplgendlent exponential random variable with mean ¢ =
% as in (40). With this approximation, (37) can be
replaced with the following:

_ D D L 4 1 K

Pr(SINR < ' | K}) ~ ()(_—y) )
A <1k~ (7)o (1+%)

(42)
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Then, after some manipulations, we have the following
approximation of the outage probability:

D K-1

D _r DO+Td\ ~
Pou (T K)~ > ( )(— 7y (— ) , (43)
—\d D(Q +T'd)

which is given in (17) and completes the proof.

APPENDIX C

PROOF OF LEMMA 3

For given K1, the conditional probability of the first condition,
i.e., Cl, is the probability that the active device of interest
does not experience spreading sequence collision, which is

given by
1 Ki—1
Pnc(Kl) = (1 - é) . (44)

If the first condition holds, the probability of the second
condition (i.e., SINR > T') for given K is 1 — Pr(SINR <
F|K1) As a result, for given K| and K, the conditional
success probability is given by

Psuce(K1, K1) = (1 = Pr(SINR < T'|K1))Puc(K1).  (45)
Then, the success probability becomes
Psuce = E[Pgycc(K1, I_(l)]
= E[1-Pr(SINR <T|K)]E[Pn.(K1) | K1 > 1], (46)

where the second equality is valid, because the K;’s are
independent as in (19) according to Assumption of A3. That
is, since Pr(SINR < T|K;) and P,.(K}) are functions of
Ki = K» + ... + Kp and K|, respectively, and the K;’s
are independent, the expectation can be carried out for each
term separately (as E[XY] = E[X]E[Y] if X and Y are
independent). The condition that K1 > 1 is necessary for the
probability of no spreading sequence collision as there should
be at least one active device choosing beam 1. From (19) and
(44), we have

Pr(K, = k)
E[Pac(K1) | Ky = 1] ;Pnc(k)P TR
00 k=1 =D (%)k
Z‘( ) KI(1 — e~ D)
P A
_ 0O e QD —e D
=01 (47)

From (37), since K| ~ Poiss ( DT) for the the first term
in (46), we have

<y5») r 1 f
Pom<r>sz( )(—e‘r)dE —
im0\ I+9
D
ZZ(D)(“’_%% Moot as)
d=0 d

which is the same as in (22). An approximation can also be
found using (42), which leads to (23).

VOLUME 11, 2023

APPENDIX D
PROOF OF LEMMA 4
According to Assumption of A3, each beam has identical
conditions. Thus, we need to consider only one beam, say
beam 1, when finding the throughput.

For given K| and K7, the number of the active devices that
succeed to transmit their packets through beam 1 is given by

m(K1, K1) = (1 = Pr(SINR < T'|K1)) K1Poc(K1).  (49)
Since K} and K, are independent, the mean becomes

m = Elni K1, K1)l = (1 = Pou(D)) E [K1 Poe(K1)]

A
= (1 = Pou(I)) e 0. (50)
Since there are D beams, the throughput becomes

n =D, (G

which is (24). This completes the proof.
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