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ABSTRACT Massive machine type communication (mMTC) is expected to support the connections of
billion devices, where a sporadic short packet transmission is a key feature for mMTC applications.
Conventional pilot-based coherent schemes suffer from a huge resource overhead as the pilot occupies a
large portion in the short packet transmission. To avoid the overhead and latency caused by pilot symbols
and mitigate the adverse effect of wireless fading, we develop a noncoherent single-input multiple-output
(SIMO) framework with modulation on conjugate-reciprocal zeros (MOCZ) for short packet transmis-
sion. A novel low-complexity noncoherent Viterbi-like detector is proposed, which can exploit diversity of
receive antennas by jointly testing the zeros of the received MOCZ symbol over independent channel real-
izations. Simulation results demonstrate that the proposed detector can outperform the pilot-based OFDM
systems and get better performance than the direct zero-testing detector for short packet transmissions in
frequency-selective fading environments.

INDEX TERMS Machine type communication, short packet transmissions, single-input multiple-output

(SIMO), noncoherent detection, MOCZ, frequency selective fading.

I. INTRODUCTION

ASSIVE machine-type communications (mMTC) has

been considered a great potential technology, which
is expected to support tremendous Internet-of-Things (IoT)
connections in future communication networks [1]. Different
from the conventional human type communications, mMTC
applications, adopt information as small as several bytes
per packet, such as low-cost sensor nodes in IoT networks
and sensor readings in healthcare, logistics, manufacturing,
process automation. Such short-packet messages of sporadic
characteristic dominate the future communication, which will
pose new challenges for physical layer design [2]. The con-
ventional coherent transmission schemes may introduce a
long pilot symbols (delay) with a size comparable to that
of short packets [3], [4], particularly in low signal-to-noise
ratio (SNR) regime [5]. On the other hand, in the case
of mobile wireless sensor networks, the channel may vary

quickly and thus the short coherence time may lead to inef-
fective estimation of channel state information (CSI) at the
receiver. Therefore, the framework structure of short pack-
ets needs to be redesigned and new noncoherent or blind
transmission strategies suited for short packet transmission
are required [6], [7].

Recently, a novel noncoherent modulation scheme,
called modulation on conjugate-reciprocal zeros (MOCZ)
[8], [9], [10], is proposed to transmit sporadic short pack-
ets over unknown wireless channels and completely avoids
channel estimation and signal equalization at the receiver
even if the data length is shorter than the channel impulse
response (CIR). However, the MOCZ for short packets
doesn’t perform well in wireless frequency-selective fading
environments, especially over deep fading channels. In fact,
various diversity techniques are used to mitigate the adverse
effect of wireless fading by sending the same data through
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FIGURE 1. The system model of SIMO system with MOCZ scheme.

multiple independently fading paths. Theoretically, diversity
in wireless communications can be achieved in the time,
frequency, or space domains [11]. However, time diversity
or frequency diversity may be costly for mMTC applica-
tions, since the enhancement of reliability is at the cost of
latency or the scarce spectrum resource. Whereas the spatial
diversity gains can be obtained through equipping multiple
antennas at the base stations in uplink transmissions, which
is hence preferable in the IoT use cases [12], especially in
low SNR regime that is the case for most battery-powered
industrial sensors and devices.

Motivated by the critical significance of space diversity
for reliable communication within very low latency bud-
get [12], [13], [14], we develop a noncoherent single-input
multiple-output (SIMO) framework with MOCZ for short
packet transmissions. This model can represent many typi-
cal mMTC use cases, whereinmultiple sensors transmit their
measurements to a central controller in a TDMA manner.
A novel low-complexity noncoherent Viterbi-like detector
is proposed for MOCZ in SIMO system, which has much
lower computational complexity than the exhaustive search
method and gains better detection performance than the
original Direct Zero-Testing (DiZeT) detector. The effec-
tive throughput is defined to measure the performance of
different schemes for short packet communications.

Il. SYSTEM MODEL

As is shown in Figure 1, we consider a SIMO system with
MOCZ scheme in which a single antenna transmitter (TX)
sends data symbols to a receiver (RX) equipped with M
antennas. For S-ary MOCZ scheme, the information bits
are modulated onto the K zeros (roots) of the z-transform
(polynomial) of the consecutive samples of the time-discrete
baseband signal, i.e.,

K K
X =Y ud=x[]@—a, ()
k=0 k=1

where the transmitted sequence x = (x0, x1, ..., xp)T €
CK+1 denotes the coefficients of the polynomial X(z).

The S-ary MOCZ modulates the kth information sym-
bol u € [0,1,...,8 — 1] onto the kth zero o =
a,i"k) selected from the zero codebook ©X = ©; x

cx Ok = {2 s x @@ e,
where a}i“k) — RGD% =27 Qlug/2]+(=DS)/(SK) with R =
\/1 + (log,(25) — 0.3) sin(r /KS). The zero distribution of
Binary MOCZ (BMOCZ) is depicted in Figure 2.

The channel between the transmitter and the mth receiver
antenna is modeled as a frequency-selective Rayleigh fading
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FIGURE 2. The zero distribution of BMOCZ scheme. (The red circles denote the zero
pairs from zero codebook; solid red circles denote the actual transmitted zeros while
the blue squares denote the received zeros, comprised of channel zeros and data
zeros.)

channel, of which the CIR is given by h,, € CL, where L is
the maximum length of CIR. Then the N = K + L samples
Ym € CN for the mth receiver antenna is given by

Ym=Xxh, +w, m=1,... .M, 2)

where w,, € CV is the additive noise at the mth antenna
which follows wy,[n] ~ CN(0, Ny).

The convolution operation between the transmitted signal
x and h,, in (2) can be transformed in z-domain as a poly-
nomial multiplication and the received signal in (2) is given
by

Ym(2) = X(@)Hn(2) + Wi (2)

K L—1 N-1
=xxhi1 [[e—a) [ = B0 +wyv-1 [T =),
k=1 =1 n=1

3)

where X(z), H;,(2), and W,,(2) are the polynomials of degree
K, L—1 and N — 1 with coefficient vectors X, h,,, and w,,,
respectively.

lll. NONCOHERENT VITERBI-LIKE DETECTOR FOR
MOCZ IN SIMO SYSTEM

The MOCZ scheme can transmit message by modulat-
ing the information bits onto the zero structure of the
z-transform of the transmitted discrete-time baseband sig-
nal, and an easy separation of data zeros and channel zeros
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can be obtained without knowledge of the CIR realiza-
tion in z-domain. However, its performance doesn’t work
well under frequency-selective fading channels, especially
in the case where the channel may experience a deep fading
condition. In such scenarios, the detection performance is
heavily affected, which in turn degrades the performance
of the overall system. In order to mitigate the adverse
effect of the fading channel, the SIMO transmission with
multiple antennas at the receiver is a feasible solution. In
this section, we derive a novel low-complexity noncoher-
ent Viterbi-like detector for the SIMO transmission with
MOCZ over frequency-selective fading channels, which can
not only improve the zero-detection performance as com-
pared to DiZeT method [8] but also exploit diversity of
receive antennas. This detector is different from traditional
pilot-based coherent schemes, which need first to estimate
the channel for each antenna to exploit diversity of receive
antennas [15], [16].

A. THE MAXIMUM LIKELIHOOD (ML) DETECTION OF
mocz

For such a SIMO system, the detection problem with
maximum a posteriori (MAP) [17] rule can be formulated as

o = argmax p(e, [hy, ..., hylly1, .- -, yml)

oae®
@ pCIy1s .-, ymlle, [hy, ... hyDp(e)p(fhy, ... hy])
= argmax ,
acO pyt, -, yml)

“

where (a) follows from Bayes’ theorem. In (4), p(a) =
]_[f= 1 P(ax), where P(oy) is the a priori probability of the k-
th zero o4. In the absence of a priori probability, P(ax) = 1/2
for all k, and therefore p(a) = 1 /2K is a constant that
can be omitted. Since the detector does not have the priori

information about the CIR, the probability p([hy, ..., hy]) is
also a constant. Besides, the received signal [y, ..., Y] is
exactly known at the receiver and therefore p([yi, ..., ym])

represents a constant and does not affect the maximization
problem. Then, the original optimization detection in (4) can
be simplified as [18]

o = argmax p([y1, ... ,hy). 5

oae®

,YM]|°5, [h]’

By defining xx_; = [0;, x0, x1, ..., xx, Oy_x—i—1]17 € CN
and X(o) = [Xk,XKk_1,...,Xk_14+1] € CV*L, where 0;
denotes a row vector containing i elements of zero, the
convolution in (2) can also be compactly written as y,, =
X(@h,, +w,, m=1,..., M.

For additive white Gaussian noise (AWGN) channel, the
probability of the received sequence [yi,...,ym] condi-
tioned on an arbitrary sequence of transmitted zeros a and
the channel [hy, ..., hy] is given by

p(ly1, ..., ymlle, [hy, ..., hyd)
- %{—in ~ X@h ||2} ©)
= N exp 2 N Yo a)h,, .
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With [hy, ..., hy], the ML detector can be given by

M
@y = argmin Y {lyn —X@hal?}. @)
oae® _
m=1
However, the receiver has no knowledge of the CSI, it has
to be marginalized out for noncoherent detection. Supposing
that the receiver knows the transmitted zero sequence «, the
CSI can be obtained as a closed-form solution [19] for

M

argmin Z { lym — X(a)hy, ”2}

[hfl‘”(a), o h",#(a)] =
[hy.....hy]eCLxM 1

_ [(XH (a)X(a))_IXH @y, ..., (XH (a)X(a))_IXH (ot)yM]

®)

To obtain the decision rule of the noncoherent detec-
tor, the channel [hy,...,hy] in (7) is replaced by
(h)E(a), ..., h}fE ()] and the maximum likelihood (ML)
detection is given by

M
2
aML=argminZ{Hym—X(oc)hﬁfL(a)H } ©
oac® —
m=1
where [W5(a), ... . h)iF ()] is the ML estimate of the

SIMO channel under the assumption that e was actually
transmitted.

By discarding the constant terms and
(8) in (9), the ML problem is given by

substituting

M
o) = argmax Z yZX(a)hfn’[L(oc)

ac® =1

M [
= argmax Z yZX(a) (XH(oc)X(a)) 1XH(oc)ym. (10)
ac® m=1

The orthogonal projector of a vector y,, € CV onto
X@) € CML and V, € CN*K can be denoted
as X (o) X" (@)X (0)) "' X" @)y, and Vo (VY V)~ 'V,
respectively, where V, is the left null space of X(«)
and rank(X) + rank(V,) = L 4+ K = N. Hence accord-
ing to orthogonal projection theorem, we can get y, =
X(@)(XH (@)X(@) "' X* @)y + Vo (VEV,) VY,

Indeed, V, is provided by the Vandermonde matrix
generated by the zero vector a of X(z)

1 o a12 ozllv_l
1 o? B AN
VH _ 2 2
a - .
2 N—1
1 ax oag - agp

= VIX(a) = 0g»; and XA @)V, =075, (11)

Then, the optimal estimates of the transmitted zeros using
the noncoherent ML detector can be rewritten as [8]

oae®

M —
oy = argmax Z yZX(ot) (XH(oc)X(oc)) IXH(ot)ym
=1
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M
= argmax Z (yZ (IN -V, (nga)_lVg>ym)

oc® =1

M
-1
— argmin (ynH1Vo, (vgf VO,) ngm>. (12)

oae® =1

B. THE NONCOHERENT VITERBI-LIKE DETECTOR FOR
mocz

The ML sequence detector needs to exploit exhaustive search
method to maximize (12) for all the possible transmit-
ted zero-vector & € OK, which thus leads to exponential
computational complexity that is proportional to SX.

To reduce computational complexity, the Direct Zero-
Testing (DiZeT) detector is proposed in [8], which approxi-
mates (VgV‘,‘)’l/2 in (12) with a diagonal matrix to simplify
the search to independent decisions over each zero.

However, the DiZeT method ignores the correlation and
simplifies (12) to independent zero decisions, which results
in non-negligible performance degradation, especially for
frequency-selective fading channels.

To improve the detection performance with moderate
computational complexity for MOCZ, we propose a low-
complexity noncoherent Viterbi-like detector and the search
given by (12) can be efficiently solved with the help of
Viterbi-like algorithms that operate on an appropriately
defined trellis.

In the trellis, o} denotes the current zero at time k& and
o;—1 denotes the last zero at time k—1. The state o can be
mapped to a whole number using the mapping function

=) >s5€85=1{0,1,2,...,5—1}. (13)
Using (13), the trellis branch metric can be written as
k(s, s) = T(s) — Ti—1 (5),

where s/, s € S represent the starting and terminating states
in a trellis trans%tion, mapping tO. oelgs_)l and oz,(f) respecFively.
In (14), T'x(s) is the path metric at the state s, which is

defined as

M
-1
M) = Z(y’n{vak (Vi V) Vﬁkym),

m=1

(14)

(15)

where a; = [1/12/_1 a,is_)l a,ﬁs) 1, s € S represents the zero

. o ~ ~ ~ ~
path at state s at time k, and ¥}_; = [0 a2 -+ @3 ap—2]
represents the surviving zero sequence at state s” at time k—1.
ng can be denoted as

7 @ @

1 @ # .. @

H ~ ~ ~N—

V. =11 &G oc]%_z 0511(\’_21 (16)

(S/) (S,) 2 (S,) N—1

o) (akq) ( kfl)
2 N—1

1 o ,((s) (oz ,ES) ) (oe ,ES))
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FIGURE 3. The defined trellis at time k-1 and k.

The algorithm contains three steps: cumulative metric
calculating, comparing, and survivor updating. The formal
definitions of the three mentioned steps are given in the
following.

The algorithm first evaluates the S cumulative metric
candidates ,B,i/ (s), s’ € S corresponding to the S paths ter-
minating in state s with transitions from state s respectively.
,3,‘5 (s) is formally defined by

Bl () = Bio1(s) + k(s 5), s €8, (17
where Bj_1(s") is the accumulated metric of the surviving
path at state s’ at time k-1.

At comparing stage, we select the cumulative metric at

each state by

§ = arg/;néin ,6,‘5 ), PBrls) = ﬂ,‘f’ (5),

(18)

and update the corresponding surviving sequence ¥ =

[1//,‘5_1 oz,gi)l]. In Figure 3, the solid path denotes the
corresponding surviving sequence at each state at time k.

Finally, we select the path with the minimum metric and
output the zero sequence of the selected path at the last
K stage.

IV. NUMERICAL SIMULATIONS

A. COMPARISON OF COMPUTATIONAL COMPLEXITY
Three methods can be used to solve (12): the exhaustive
search method, the proposed method in Section III, and
the DiZeT method [8]. The exhaustive search method leads
to large computational complexity which is proportional to
SK since it needs to compute and compare the value of
(12) for all the possible transmitted zero sequences. The
DiZeT method simplifies the exhaustive search by approx-
imating (VFV,)~! to a diagonal matrix, which results
in non-negligible performance degradation. The proposed
method can make a good balance between complexity and
performance. The computational complexity comparison is
shown in Table 1.
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TABLE 1. The comparison of the computational complexity of different detectors.

TABLE 2. Simulation parameters.

Method Computational complexity

The
exhaustive
search
method

The K(K +1)2K + )N
proposed o 3
detector +(5N+1)S

0((21\/](2 +2NK+K° +N)SK)

+HK +3)(K - l)N+w - 1]s2

The DiZeT
detector

O(NSK)

B. CALCULATION OF EFFECTIVE THROUGHPUT

We use the effective throughput to measure the performance
of different schemes for short packet transmissions. For S-ary
MOCZ, when Klog,S information bits are transmitted, only
K+1 consecutive samples of the transmitted sequence are
used for noncoherent detection, which captures the corre-
sponding physical-layer transmission latency measured in
channel uses. For pilot-based short packet transmission, the
pilot length L, with L, > L is allocated to acquire the
CSI, which yields a significant rate loss. And pilot overhead
needs to be considered when the scheme is evaluated. Hence,
for a fair comparison, we refer to the effective throughput
definition from [20], which is used to measure the aver-
age effectively transmitted information bits per channel used
under a given detection performance, such as Frame error
rate (FER). The effective throughput T can be formulated as

T = Ryy(1 — FER), (19)

where R,y is the effective rate of the scheme. For S-ary
MOCZ, R = Klog,S/(K + 1).

C. PERFORMANCE COMPARISON

1) SIMULATION SETUP

In this section, we provide simulation results to exam-
ine the performance of the noncoherent SIMO system
exploiting the noncoherent Viterbi-like detector proposed in
Section III (denoted as ‘MOCZ, Viterbi-like’) and compare
it with the SIMO system using DiZeT detector (denoted as
‘MOCZ, DiZeT’) and pilot-based schemes. In all simula-
tions, the number of information bits is set to K=32 and a
frequency-selective fading channel with L-independent paths
is considered.

The FER performance and effective throughput of the
proposed MOCZ scheme are compared with that of
the MOCZ scheme using DiZeT detector. We also provide
the performance of the pilot-based cyclic prefix (CP) OFDM
system using QPSK modulation with perfect channel knowl-
edge (denoted as ‘OFDM, Known CSI’) as well as with
pilot-based channel estimation (denoted as ‘OFDM, Pilot-
based’), where in the former, the channel is assumed to be
perfectly known, and in the latter, a minimum-mean-squared-
error (MMSE) estimator [21] is adopted using 16 pilot tones.
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FIGURE 4. FER performance comparison versus E,/N, with M=(1, 2, 3, 4).

A frequency selective Rayleigh fading channel with L=8 taps
is considered, in which each tap has a uniform power-delay-
profile, i.e., h,[l] ~ CN(0,1/8) for / = 1,2,...,8. The
simulation parameters are listed in Table 2.

2) SIMULATION RESULTS

Figure 4 shows the FER performance versus Ej/Ny with
M=(1, 2, 3, 4). We can observe that the proposed Viterbi-
like detector achieves a better performance by increasing
the number of the receive antennas. This result shows that
the proposed detector can gain the diversity reception in a
SIMO scenario for reliable short packet communications.
In Figure 5, we provide the performance comparison for
different schemes. It can be seen that the proposed nonco-
herent Viterbi-like detector outperforms the DiZeT detector
by about 1.3 dB and obtains about 4.5 dB gain compared to
the pilot-based OFDM scheme with M=4 at FER = 1073.
What’s more, since the proposed detector does not need
channel estimation, it largely reduces the computational
complexity required at the receiver.

Figure 6 shows the effective throughput versus Ej/Np. It
can be seen that the effective throughput of the proposed
detection scheme increases as Ejp/Ny grows. Besides, the
performance outperforms that of the pilot-based scheme
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FIGURE 6. Effective throughput performance comparison versus Ep/Ny.

and exhibits remarkably higher effective throughput, which
validates the effectiveness of the proposed scheme. The
reason is that for the pilot-based scheme the effective rate
is Rorpm—opsk = K/(K/2+ L — 1+ Lp), which appears
as the effective throughput floor, leading to a gap of
0.1492 bits/channel use.

To further investigate the performance for more realistic
multi-path channels, we used the 3GPP standardized power
delay profiles Pedestrian B (PB) model, defined in [22].
The sampling rate is set to SMHz, and thus PB will give
rise to 6 multi-paths and hence becomes frequency-selective
fading channel. In addition, the maximum length of CIR
for PB is 19. We provide the FER and effective throughput
performance for SIMO with M=4 over PB in Figure 7 and
Figure 8, respectively. It can be observed that the proposed
low-complexity Viterbi-like detector outperforms the con-
ventional approach by about 1.5 dB at FER = 10~ and
achieves better performance than the coherent scheme when

VOLUME 4, 2023
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FIGURE 8. Effective throughput performance comparison versus E,/N, for realistic
multi-path channels when M=4.

Ey/No > 11 dB. Besides, we can observe that the pilot-
based scheme deteriorates rapidly due to the fact that the
true CIR length is larger than the pilot length L, = 16,
whereas our proposed noncoherent scheme still works well
in this case. What’s more, it is evident in Figure 8 that
the proposed method exhibits remarkably higher effective
throughput than the conventional method and the coherent
scheme, which means that the proposed method can transmit
more information bits per channel use effectively.

V. CONCLUSION

In this paper, we develop a SIMO framework via MOCZ for
short packet communications in frequency-selective fading
environments and propose a noncoherent Viterbi-like detec-
tor for MOCZ, which exploits diversity of M receive
antennas, by jointly testing the zeros of the received MOCZ
symbol over independent channel realizations. Simulation
results showed that the proposed scheme performs better
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with the use of multiple antennas and provides performance
gains in both FER and effective throughput as compared to
the conventional pilot-based OFDM schemes for short packet
communications.
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