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Abstract—This letter aims to improve the active user detection
(AUD) and channel estimation (CE) performance in grant-free
random access (GFRA) systems with open-loop power control.
In particular, the preamble based on the power-split-ratio (PSR)
is designed, where the preamble consists of two sub-preambles
generated by multiplying the same sequence with different power
coefficients. The ratio of two coefficients is defined as PSR, which
can be used to eliminate the effects of uncertain power and
detect preamble collisions. Based on the designed preamble, a
two-step AUD scheme is proposed to detect the sequence and
PSR, followed by the CE scheme. Numerical results show that the
proposed PSR-based preamble significantly outperforms existing
preambles in GFRA systems with open-loop power control.

Index Terms—Massive machine-type communications, open-
loop power control, preamble collision, user detection.

I. INTRODUCTION

N recent years, massive machine-type communications

(mMTC) has become a dominant paradigm of communica-
tions among Internet of Things (IoT) devices, characterized by
massive connections and sporadic transmission of short pack-
ets [1]. It poses big challenges for the traditional grant-based
random access protocol to accommodate these unique features
due to the excessive latency and signaling overhead [2]. As a
promising way, the grant-free random access (GFRA) protocol
has been proposed to solve the problem by allowing users to
transmit packets consisting of the preamble and data without
scheduling grant from the base station (BS).

In GFRA systems, without user scheduling, the BS has
to perform the active user detection (AUD) and channel
estimation (CE) based on the preamble before data detection,
where the results of AUD and CE are reliable only if there are
no preamble collisions. Because users transmitting the same
preamble cannot be distinguished and they will be identified
as one active user, resulting in the failure of AUD and a large
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bias in CE. Several preamble structures have been proposed to
reduce preamble collisions by expanding the size of the pream-
ble pool. Taking advantage of the non-orthogonal sequences,
preambles based on Gaussian sequences [3] and multiple root
Zadoff-Chu (ZC) sequences [4] have been proposed, which are
beneficial in reducing preamble collisions. However, they are
not qualified for CE when there are numerous users due to se-
vere non-orthogonal interference. On the contrary, orthogonal
sequences are favorable for CE, but not for reducing preamble
collisions. It has been demonstrated that the AUD and CE
performance of a single orthogonal preamble (SOP) is mainly
limited by preamble collisions due to the insufficient size of
the preamble pool [5]. To address the issue, the concatenated
orthogonal preamble (COP) has been proposed in [6], which
enlarges the preamble pool by sending multiple randomly
selected orthogonal preambles successively. COP has reduced
preamble collisions efficiently with lower non-orthogonality,
but it only outperforms SOP when the number of antennas is
small [7]. In summary, these schemes have reduced preamble
collisions with acceptable CE performance.

It is worth noting that all the above schemes are proposed
under the assumption of perfect power control, where the
received power is proportional to the number of users multi-
plexed on a preamble. However, there lacks closed-loop power
control in GFRA systems, and the received power is randomly
distributed over a wide range [1]. Open-loop power control
makes the schemes of detecting collisions based on total
received power no longer feasible. Therefore, it is necessary to
design preambles enabling accurate AUD and CE for GFRA
systems with open-loop power control.

In this letter, we, for the first time, propose the preamble
based on the power-split-ratio (PSR) to solve the problem,
where collisions are detected based on the PSR rather than
the received power. Specifically, the proposed preamble is an
enhancement to SOP and COP to accommodate the absence
of power control. Different from traditional SOP and COP,
each orthogonal sequence is divided into two consecutive
sub-sequences, which are generated by multiplying the same
sequence with different power coefficients. Such two coeffi-
cients constitute a coefficient pair, which is randomly selected
from a predefined set. The ratio of the two coefficients is
defined as PSR, and there exists a bijection between the
coefficient pair and PSR. Therefore, for sub-sequences, the
ratio of their received power mainly depends on the PSR
instead of the uncertain power, which can be used to detect
collided users. In detail, the orthogonal sequence detection is
first performed. After an orthogonal sequence being detected,
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the BS calculates its PSR and decides whether there is a
collision. If the PSR corresponds to a coefficient pair in the
pre-defined set, there has been only one user. Otherwise, the
detected PSR is the combination of several PSRs, which means
that collisions have occurred. Subsequently, based on the AUD
results, the transmission power and channel vector can be
estimated accordingly. To highlight the novelty of the proposed
preamble, the preamble structure of PSR-based SOP is first
given, followed by AUD and CE schemes. Since COP is
composed of multiple consecutive SOPs, the PSR-based SOP
can be easily extended to the PSR-based COP. In addition,
simulations are performed to evaluate the performance of PSR-
based SOP and PSR-based COP, which validate the superiority
of the proposed PSR-based preamble.

The rest of this paper is organized as follows. In Section II,
the system model of GFRA system is illustrated. In Section
II, the PSR-based SOP is proposed, followed by the AUD and
CE scheme. In Section IV, simulation results are presented
to evaluate the performance of the proposed scheme. We
conclude the paper in Section V.

Notation: The matrices and vectors are denoted by boldface
upper and lower case letters, respectively. I, is the M x M
unit matrix. The inverse, transpose, and complex con}'{ugate
transpose operators are denoted by (-)T, ()" and (1), re-
spectively. ||-|| denotes the Euclidean norm.

II. SYSTEM MODEL

Consider a single-cell GFRA system consisting of a BS
equipped with M antennas and multiple single-antenna users
uniformly distributed in the cell. In each random access slot, it
is assumed that there are K active users accessing the channel
by sending preambles followed by the data to the BS, where
preambles serve as the identification of users to facilitate the
BS to perform AUD and CE.

As shown in Fig. 1, S = [s!,--- s/, .-+ |s/] € CY*V is the
transmitted preamble of length N, which is composed of J >
1 consecutive orthogonal sub-preambles. The superscript j de-
notes the j-th sub-orthogonal preamble. s’ is randomlzr selected
from the preamble pool S = [s1, -+ ,S;, "+ ,SL] XL,l =
1,---,L, wheres; € C'* is the single-root Zadoff-Chu (ZC)
sequence of length L = % with cyclic shift /. When J = 1,
S is the SOP, otherwise, it is COP.

Fig. 1. Traditional preamble structure.

At the BS, the received signal is
Y= [YlaYQa"' 7YJ7 7YJ] G(CMXNa (D

where Y7 is the received signal of j-th sub-preamble, that is,
K

Y =" \/Prihys), + W e CMrE, )
k=1

where si is the j-th sub-preamble selected by user k. Pr
is the transmission power of user k, and h, € CM*! is the

channel vector between user k£ and the BS. It is assumed that
hy, = haphy, with /Ay is the large-scale fading coefficient
and hy, ~ CN(0,I57x1) is the uncorrelated small-scale fading
coefficient, which has been widely used in GFRA systems for
analysis and simulations [6], [7]. W is the circularly symmetric
complex Gaussian (CSCG) noise with zero-mean and variance
42, and the signal-to-noise ratio (SNR) of user k is v, =
%. Without loss of generality, 62 is set to 1 [2], [3].

Note that due to the absence of power control, the received
power of users P = Pr jhq is different from each other. In
this letter, it is assumed that Py is distributed in the range of
[Prins Pmax]- Therefore, Y7 can be rewritten as

K
Y =) /Piuys), + W e CMxE 3)
k=1

Based on the received signal Y, the BS performs AUD by
detecting preambles selected by active users and also estimates
channel vectors to provide information for data detection.

ITII. PROPOSED PSR-BASED PREAMBLE

In this section, the PSR-based preamble is proposed to
improve the detection performance under conditions without
power control, which splits each sequence into two consecu-
tive sub-sequences with different power coefficients, thereby
eliminating the effect of uncertain power by detecting PSR.
For ease of representation, here we take J = 2 as an example
to illustrate the proposed preamble, which can be extended
to J = 2¢,4 > 1 cases easily. The structure of the proposed
preamble is presented first, followed by the dedicated AUD
and CE scheme.

A. PSR-based preamble

cos (6, )s | sin(6,)s,
- g, =|:s;r,s;]_>

Fig. 2. Proposed PSR-based preamble.

The designed preamble is shown in Fig. 2, the preamble
Sk consists of two sub-preambles generated by multiplying s
with different power coefficients cos () and sin (6), i.e.,

S = [COS (Qk)sk,sin (Gk)sk] S ClXN, 4)
where sy, is the orthogonal sequence of length % Define r, =

sin?(6y)
cos?(0y)

as the PSR. Therefore, (4) can also be expressed as

- 1 Tk IXN
= Cc+* 5
Sk [\/1+rksk71/1+rksk:| € ; )

where 7y, is randomly selected from R = {r,,rp} with r, <1
and 7, > 1. Although the length of s is shorten by half, with
the randomly selected 7, the size of the preamble pool of
PSR-based preamble still equals to V.

Note that the main purpose of this work is to reduce the
impact of the power uncertainty instead of preamble collisions,
therefore, the size of R is set to 2 so that the size of preamble
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pool and the probability of no collision F,. remain the same
as SOP of length N, which means that the performance
improvement is caused only by detecting s, under the same
Pyc. As for problems caused by preamble collisions, they can
be solved by increasing J. Taking J = 4 (i.e., ¢ = 2) as an
example, the PSR-based preamble is extended from (5) to

[ 1 a0 [ ™o L o Tha 2
— S, Sk Sk S )
1+7‘k1 k 1+7’k1 k 1+Tk2 k 1+Tk2 k

(6)

where s}, and s} are orthogonal sequences of length N which
are randomly selected from the preamble pool S. ri, and 7y,
are randomly selected from the PSR set R. In this case, the
size of preamble pool is enlarged to ( ) and the probability
of collisions can be reduced accordingly. In summary, the size
of the PSR-based preamble pool is (%)Z, and P, is

NN S
PHC<1<;])) i1

Substituting (5) into (3), the received signal is expressed as

Y = Z VPeh§p + W =

Z,/ hksk+W€(CMX
Y2=Z,/ Pty hysi, + W e CMx %
Pt 1+, ’ ’

B. Preamble detection

(7

[Yl Y2] c (CMXN,

®)

After receiving Y from the uplink transmission, the BS
detects PSR-based preambles to identify active users. Since
Sk is identified by s; and r, AUD is performed in two steps,
where the orthogonal sequence detection is first conducted to
find out the selected orthogonal sequences, and then PSR is
detected to determine the presence of preamble collisions.

In view of the advantageous autocorrelation and cross-
correlation properties of the single-root ZC sequence, the
sequence s with £ = 1, --- | K can be detected by calculating
the correlations of the received signal and sZ. Denote the cases
that s; has not been selected and has been selected as H and
‘H1, respectively. Therefore, we have

! £|H0:Ws,§’, Y2si! | Ho = Wsf. )
[ Py
1 kH’Hl Z 1+ hk-‘rWSk,
kelUy, (10)
Pyry,
| My = Z,/H hy + Wsy!,
kel

where U}, denotes the set of users which have selected s, as the
preamble. It is obviously that s; can be detected by calculating

1 H (|2 2 H||2 s [[v2si|”
||Y Sy H and HY Sy H . In addition, isr |2
on rj; rather than P, which can be u'sed to combat the

power uncertainty. Therefore, the test statistics of orthogonal
sequence detection and PSR detection are given as follows.

mainly depends

1) Orthogonal sequence detection: The test statistic of
orthogonal sequence detection is defined as
Toa = 37 IV + g IS0 an
M N
For ease of representation, 7; = HY1 || and ;% |Y2 q H
are denoted as G; and G, respectlvely.

(1 and G4 are random variables that obey the Chi-square
distribution, and according to the central limit theorem (CLT),
they can be approximated by Gaussian distributions when M N
is large [8], [9], that is

1 1
G1|Ho N( ’M)’ G2|Ho N( ’M)’

NP, NP, 1
Gi|Hi ~ N 1, =), 2
1H <2(1—|—rk)+ M(1+rk)+M> (12)
NPkrk NPk’I“k 1
GalHy ~ N , e
2| <2(1+rk) M (1+ 1) M)

Note that the purpose of this step is to detect the presence of
Sk, not figure out the number of users colliding in choosing s.
In other words, as long as one user has selected sy, hypothesis
H; holds. Therefore, the distribution of G1|#H; and Ga|H1
only consider the case of one user.
Base on (12), the distribution of T}y is
M M

2 NP,
Tosd|HONN <27)a osd|H1NN< k
M
(13)

Hence, s; can be detected based on the following decision

rule,
HO?
Hlv

where )\ is the threshold that satisfies the condition of
fraire (As) = fram, (As). fram, () and fr 5, ()
are the probability density function (PDF) of To|Ho and
Tosa| H1, which are given as (13).

NP, 2
L

+2,

Tosd < )\s

Tosd 2 /\sa (14)

C. PSR detection

Once si, has been detected, the BS detects the corresponding
ri to determine whether there are collisions in s;. According
to (12), the test statistics of PSR detection is given as

Gy —1
Gy -1
For ease of representation, G; — 1 and G5 — 1 are denoted as

Gy and G, respectively. Hence, the conditional PDF of T}
is

+oo
Frinims (8) = / G frn (tG1) s (G0) din

Tpsr =

5)

1 p 1+t eXp{_P(t—m)}
riy/m erf (q) (1+ﬁ>% ri (rk +12) [
h (16)
with
VM [NPygry, VM [ NP, 17
p_Q\/§ L+r 't 22V 141
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Note that (16) is not normally distributed, however, it has
been demonstrated that when the coefficients of variation are
smaller than 0.1, the ratio distribution of two independent
normal variables can be approximated as the normal distri-
bution [10]. Since % < 0.1 and 5—2 < 0.1 in the case
of large M and N, where pq and puo are the means of
G1 and Gg, respectively. d; and J, are the corresponding
standard deviations. Therefore, (16) can be approximated by
the following distribution.

dry (re + 1)2

MNP, (18)

Tpsr"rk ~N Tk,
Fig. 3 gives a comparison of the estimated PDF of T}, |1, with
the accurate distribution given in (16), where M = 50, N =
64 and SNR = 0 dB. It is shown that the estimated results
accord with the accurate ones, which verifies the reliability of
the estimates. In addition, it is obvious that the distribution of
Tps with different PSRs can be distinguished easily. Therefore,
if s;, has been selected by one user, the detected T} is close
to r, or r,. However, in the case of preamble collision, if s
has been sent by two users with different PSRs!, T} becomes

oP P,
T = I—Q—r(l}, + I:-ri —r + (Tb - Ta) (1 + ra) P2
N — Ia .
P I 2H N P (14+m)+P(1471,)

(19)
Therefore, in the presence of collisions, Ty is in the range
of (rq,mp) and it is significantly different from r, and 7}
in general. Note that if P, and P» are distributed in a
particularly wide range, Tps is probably extremely close to

rq Or T3, which means that Tpsr = Pf?ﬂ_::))_(‘_l;z T(”l)ffa) ~ 0
or T (1+TQ)P2

pst = Pritro)t (15 N.l' In other words, when the
difference between P1 and P, is so large that the effects of
PSRs on Tpgr and qu is negligible, the power-split ratio of
the user with low power cannot be detected, which results in

the failure of collision detection.

——rj, = 1, estimate

Fig. 3. Distribution of Tps.

In summary, the decision rule of PSR detection is given as

o If Ty < min (71,m1), 7o has been selected, where 7 and
n1 are larger than r,, and they satisfy the conditions of

frre (11) =0 and fr i, (M) = frre+1 (M)

"When collisions have occured, it is mostly likely that a preamble has
been selected by two users. For example, when K = 64 and N = 80, the
probability of collision is 0.7133, but the probability that a preamble has been
selected by three users is only 0.07. Therefore, when it comes to collisions,
we only consider the case that a preamble has been chosen by two users.

o If Ty < max (72,72), 7 has been selected, where 75 and
1o are smaller than 7, and they satisfy the conditions of
Jtyalry (12) = 0 and fr 1, (12) = frppry—1 (12)-

o Otherwise, both r, and r, have been selected. There are
preamble collisions in sending sy.

For example, when 7, = 1 and 1, = 5, if Ty < 1.3 or
Tpse > 4.45, it is declared that = 1 or r = 5, respectively.
Otherwise, the detected PSR is in the range of [1.3,4.45],
which indicates that both r, =1 and r;, =5 have been selected.

D. Channel estimation

With the detected s; and rj, the transmission power and
channel vector can be estimated accordingly. In detail,

o If there is no preamble collision in s, the received signal
related to s is

Y = VPhs;, + W, (20)

where §;, = [ sk] . P is estimated based

1 S Tk
1+7rg ks 1+7rg
on (G; and G5, and the channel vector can be estimated
accordingly. That is,

PZQ(G1+G2—2)

. 1
, h =
K VP
« If there are preamble collisions in s; and both r, and r
have been selected, the received signal related to s is

= /Pihi§y, + \/thzgkz +W

21

/ Piry
= [hy, hy] HT“ e, S 22
’ Por
1+rb Sk 1-12-7’117, Sk
Here, the mean of G and G5 are % (1+r + H”) +1
and % (ﬁl_’;“ + fj:}; ) + 1, respectively. Therefore,
~ (1+Ta)(TbG1—G2—2)
P1 = ’
K (ry —1a) (23)
P: (1+Tb)(G2—TaG1—2)
2 K (ry —714) '
Then, the channel estimation result is
L Py Pirg Sk
[y By | =y |V IRV T 24)
1+7b sk 1-?—7}; Sk

IV. NUMERICAL RESULTS

In the section, we conduct simulations to evaluate the
performance of the proposed PSR-based preambles, where
simulation parameters are set to M = 50 and N = 64. The
superiority of PSR-based preambles is verified by comparing
with existing preambles including SOP [5] and COP [6].

The comparison of AUD performance versus K is shown
in Fig. 4(a), where r, = 1, r, = 5 and SNR is uniformly
distributed in [—5, 5] dB. It is obviously that the PSR-based
preambles outperform than traditional preambles, and the su-
periority becomes more significant as K increases. In addition,
when J = 4, the size of preamble pool has been greatly
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Numerical Results: (a) Comparison of AUD performance, 7, = 5 and SNR € [—5, 5] dB. (b) Comparison of AUD performance under different

SNR ranges and different 7y, 7, = 1. (¢) Comparison of CE performance, 7, = 1 and SNR € [—5, 10] dB.

enlarged, which reduces preamble collisions. Therefore, the
performance improvement of J = 4 is smaller than that of
J = 2, and the performance gap between PSR-based preamble
and COP decreases as J increases.

Fig. 4(b) presents the performance of PSR-based SOP
versus SNR ranges and PSRs. It is shown that a wider SNR
range leads to the performance degradation. Because with a
wider SNR range, collided users are more likely to have large
power difference, and the lower power has almost little effect
on Tp. In such cases, the collisions cannot be detected. But
the performance degradation can be alleviated by enlarging
ry, — Tq, SO that the influence of lower power users can be
improved if they have selected a larger 7, which happens
with the probability 0.5. Accordingly, as shown in Fig. 4(b),
the performance is less affected by SNR ranges when r, = 5.

Fig. 4(c) shows the normalized mean squared error (NMSE)
of CE versus K, which has a significant impact on the data
recovery and successful access. Specifically, the NMSE is

. 2
Hhk,e - hk:,e

2
[ e |

I

>

e=1

1
NMSE = —
E

. (25)
where ﬁk,e and hy, . are the estimated and accurate channel
vectors of user k in ey, Monte Carlo simulation. F is the total
number of Monte Carlo simulations. Among these schemes,
the PSR-based preamble with r, = 5 performs best, since
a larger 7, is beneficial for collision detection and power
estimation and thus improving the CE performance.

V. CONCLUSION

In this letter, the PSR-based preamble is proposed to im-
prove the AUD and CE performance in GFRA systems without
power control. The effect of power uncertainty is eliminated by
PSR so that preamble collisions can be detected through PSR
instead of the received power, which enables high-performance
detection in the absence of power control. The idea of PSR-
based preambles can be applied to existing SOP and COP, and
the superiority has been validated by simulation results.

Although PSR greatly reduces the impact of power uncer-
tainty, there are still some issues that deserve further research.
Notably, the proposed scheme is feasible when two users are in

collision, but the performance degrades in the case of a wider
SNR range or collisions with more users. Despite that the
performance degradation can be compensated by increasing
|rp — 74| or introducing more PSRs, the problems have not
been thoroughly and extensively addressed. Therefore, there is
still a long way to go in designing preambles to support mas-
sive connectivity with high power uncertainty. Furthermore,
the application of PSR-based preambles in diverse scenarios
needs further research to cope with new challenges posed by
different transmission characteristics.

ACKNOWLEDGEMENTS

M. Junttis research was supported in part by the Research
Council of Finland (former Academy of Finland) 6G Flagship
Programme (Grant Number: 346208).

REFERENCES

[1] M. B. Shahab and R. Abbas, “Grant-free non-orthogonal multiple access
for IoT: A survey,” IEEE Commun. Surveys Tuts., vol. 22, no. 3, pp.
1805-1838, 2020.

Y. Cui, W. Xu, and Y. Wang, “Side-information aided compressed multi-
user detection for up-link grant-free NOMA,” IEEE Trans. Wireless
Commun., vol. 19, no. 11, pp. 7720-7731, 2020.

L. Liu and W. Yu, “Massive connectivity with massive MIMO-Part 1:
Device activity detection and channel estimation,” IEEE Trans. Signal
Process., vol. 66, no. 11, pp. 2933-2946, 2018.

S. Kim, J. Kim, and D. Hong, “A new non-orthogonal transceiver for
asynchronous grant-free transmission systems,” IEEE Trans. Wireless
Commun., vol. 20, no. 3, pp. 1889-1902, 2021.

J. Ding, D. Qu, H. Jiang, and T. Jiang, “Success probability of grant-free
random access with massive MIMO,” IEEE Internet Things J., vol. 6,
no. 1, pp. 506-516, 2019.

H. Jiang, D. Qu, J. Ding, and T. Jiang, “Multiple preambles for high
success rate of grant-free random access with massive MIMO,” IEEE
Trans. Wireless Commun., vol. 18, no. 10, pp. 4779-4789, 2019.

J. Ding and J. Choi, “Comparison of preamble structures for grant-free
random access in massive MIMO systems,” IEEE Wireless Commun.
Lett., vol. 9, no. 2, pp. 166-170, 2020.

L. Bai, J. Liu, and Q. Yu, “A collision resolution protocol for random
access in massive MIMO,” IEEE J. Sel. Areas Commun., vol. 39, no. 3,
pp. 686-699, 2021.

Y. Wang, W. Xu, M. Juntti, and J. Lin, “Composite preambles based on
differential phase rotations for grant-free random access systems,” I[EEE
Internet Things J., vol. 10, no. 19, pp. 17035-17 046, 2023.

E. Daz-Francs and F. Rubio, “On the existence of a normal approxima-
tion to the distribution of the ratio of two independent normal random
variables,” Statistical Papers, vol. 54, 05 2013.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Authorized licensed use limited to: Oulu University. Downloaded on November 27,2023 at 13:14:45 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



