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Abstract. The relationship between the latency and reliability of multi-
antena diversity system is investigated in this paper. The system perfor-
mance of diversity system is analysed with the outage probability chosen
as the reliability metric. Two combining techniques are considered in the
diversity system. It is proved that the latency-reliability trade-off degree
(LRTD), i.e., the slope of the latency-outage curves with logarithmic
scales, equals the number of the diversity order. In addition, the diversity
system with considering system overhead is investigated. Golden section
search algorithm and a simplified iterative method can be used to obtain
the optimum diversity order of multiple-input and single-output (MISO)
system adopted with maximal ratio combining and section combining
techniques, respectively.
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1 Introduction

In the emerging fifth wireless communication systems, there are several crucial
performance requirements and targets including the data rate, the number of
connected devices, device battery life, end-to-end latency, and reliability of com-
munication [1]. The use case with low latency and high reliability is a very impor-
tant application scenario [2]. For example, in vehicular network applications,
data transmission latency below 5ms and very high reliability of packet error
rations < 1076 are expected [2]. Other application scenarios of low-latency and
high-reliability communications include future factory applications, distributed
utility grid protection, autonomous driving and so on [3].

Some solutions are proposed to meet the low latency target such as: employ-
ing shorter transmission time interval (TTI), cooperative communications, and
massive multiple-input multiple-output (MIMO) [1]. Simultaneously, in-depth

Supported by China Unicom Network Technology Research Institute and project
61302088 which was supported by National Natural Science Foundation of China.

© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2020
Published by Springer Nature Switzerland AG 2020. All Rights Reserved

H. Gao et al. (Eds.): ChinaCom 2019, LNICST 313, pp. 364-377, 2020.
https://doi.org/10.1007/978-3-030-41117-6_30


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-41117-6_30&domain=pdf
https://doi.org/10.1007/978-3-030-41117-6_30

Latency-Reliability Analysis for Multi-antenna System (Workshop) 365

theoretical analyses among the solutions for low-latency and high-reliability com-
munications are necessary. In [4], the fundamental trade-off between the outage
capacity, system bandwidth, and the latency requirement for ultra-reliable and
low-latency systems is demonstrated by system-level simulations. In [5], the rela-
tionship among reliability, throughput, and given latency requirement is shown.
Given the existing studies in the literature, a generalized analysis on the relation-
ship among latency, reliability and other performance metrics is much needed.

The relay technique has been used to meet the reliability and latency require-
ments. Cooperative communication based relaying schemes are discussed in [6],
which can provide ultra-high reliability while meeting the latency requirement at
moderate SNR. The low-latency and high-reliability communications in multi-
relay systems have been considered, and a new metric termed latency-reliability
trade-off degree (LRTD) is proposed in [7], which can also be analysed in other
communication systems.

At the same time, diversity technique can also be used for low-latency and
high-reliability communications. The ultra-reliable and low-latency communica-
tion can be supported through high diversity, transmission with shared diversity
resources is proposed in [8]. Diversity technique can result in significant increase
in system performance. Simultaneously, more system elements are cost for sys-
tem overhead [5], which is important and not ignorable in low-latency frame
structures. The reliability constraints on control information are studied in [9],
and some enhancement techniques are proposed. Reference [10] characterizes
the trade-off between the training sequence length and data code length. It is
important to consider the system overhead in the low-latency and high-reliability
communications.

In this study, the relationship between latency and reliability in multi-
antenna diversity systems is analysed. The relationship between latency and
reliability has been investigated in [7]. For spatial diversity systems, the slope of
the logarithmic scaled latency-reliability curve in diversity systems is proven to
be equivalent to the number of diversity order. In addition, the system overhead
is considered. In the multi-antenna diversity system with overhead, the reliability
increases because of the diversity gain at first, and decreases at last because of the
system overhead. With considering the system overhead, the optimum number of
diversity number is investigated. Golden section search algorithm is used to find
the optimum diversity order for the multiple-input and single-output (MISO)
system adopted with maximal ratio combining. A simple iterative method is
used for the MISO system adopted with selection combining.

The remainder of this paper is organized as follows. In Sect. 2, the relationship
between latency and reliability of spatial diversity system is analysed. Section 3
investigates the optimum number of diversity order for MISO system, where the
system overhead is considered. Section 4 concludes this study.

2 Latency-Reliability Analysis of Diversity System

To improve the performance of the communication systems, we consider the
adoption of diversity technique. There are several diversity techniques can be
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applied to wireless communication systems. In time diversity, the same data is
transmitted at different time slots, which is difficult to achieve in low latency
scenario. The channel gain in frequency diversity is related to the bandwidth and
transmitted signal. In this paper, we focus on spatial diversity when describing
diversity systems and the different combing techniques.

Multiple antennas can be installed at the transmitter or/and at the receiver
to achieve spatial diversity. In spatial diversity at the receive side, the receiver is
employed with multiple antennas. Consider a single-input and multiple-output
(SIMO) system, the multiple received signals can be combined by maximum ratio
combining (MRC), selection combing (SC), or equal gain combing (EGC) [11].

For transmit diversity, consider a MISO system. Under the assumption that
the channel state information (CSI) is available to both the transmitter and
receiver, the transmit diversity design is quite similar to receive diversity with
MRC. The detailed analysis of maximum ratio transmission (MRT) scheme has
been presented in [12]. Similarly, the analysis for SC under transmit diversity
is the same as under receiver diversity. That is to say, the system performance
analyses of SIMO and MISO systems can be described by the same formulas.

In this section, latency-reliability analyses of diversity systems are investi-
gated, while MRC and SC combining techniques are applied respectively. In
diversity systems, the fading paths are assumed to be independent and identical
distributed (i.i.d.) Rayleigh fading channels.

Similar to the system model described in [7], the system performance can
be analysed as follows. Data packets of length of C' bits are transmitted over a
system bandwidth of B Hz. The required latency is L in the unit of seconds. The
outage probability is chosen as the system reliability metric. The instantaneous
received signal-to-noise ratio (SNR) is defined as p, which is considered as a
variable due to channel fading. According to the Shannon capacity theorem,
the system spectral efficiency can be shown as a function of p, i.e., logs(1 + p)
bits/symbol. In the ideal system without any overhead, the number of time
and frequency resource elements of the spatial diversity system is BL. In this
section, we take a SIMO system as a reference, which consists of one antenna
for transmission and Ny antennas for reception. The system outage probability
can be shown as

Pour = Pr[BLlogy(1+ p) < C] =Prp < punl, (1)
where o
ptn = 275 — 1 (2)

is the SNR threshold.

Rayleigh fading is assumed for the multiple wireless channels. Each channel
has the same average SNR. As such, the instantaneous SNR p; of each channel
is an exponentially distributed variable

1 _ e
p(pi)—;e v, (3)
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where v = E(p;) is the average SNR. According to the probability density func-
tion (PDF) of the instantaneous SNR in (3), the system outage probability in

(1) can be attained as
Pth

Py = p(p)dp (4)
/

The instantaneous received SNR p is a function of the multiple SNRs of the
independent fading channels, which depends on the combining technique and
the number of diversity channels.

2.1 Diversity System with MRC

Considering of combining the multiple receive signals by MRC technique, the
received SNR is seen as the sum of the SNR of each antenna as follows [11]

Ngr
p= Zpu (5)
i=1

where p; is the received SNR of the i-th antenna. We can rewrite (4), the outage
probability of diversity system adopted with MRC technique for any Ny can be
obtained as

Pout(Ng) = / S [ p(p1)p(p2) -+ plpn)dprdps - - - dpny,
p1++PNR <pth
Pth Nr—1 i (6)
=1—e Cub
i=0 7

The outage probability in (6) can also be viewed as a function of latency
L. The outage probability results with Np = 1,2,3 are plotted against the
latency in Fig. 1. The outage probability and the required latency are both plot-
ted with the logarithmic scale. Obviously, the outage probability is a monotoni-
cally decreasing function of L. The latency and reliability of a system have their
own constraints and cannot be improved simultaneously. Therefore, the latency-
reliability trade-off should be analysed. As can be seen from Fig. 1, the curves
with different average SNRs are nearly parallel.

As it is well known, the slope of the SNR-outage probability curve amounts
to the diversity order, that is,

d=— lim ———— = Np. (7)
The relationship between latency and reliability can be derived by analyzing the

latency-reliability trade-off degree defined in [7]. Similar to the diversity order,
the LRTD can be derived as follows. First, we define

j=th T ®)
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Fig. 1. Outage probability vs. latency with logarithmic scale in a diversity system with
MRC

Then we have

dLR: — lim 7logPDUt(NR)
L—oo log L
Np-1
log (1 —e X {—,)
= lim =0
z—0 log x
-~ Np—1
. afle f(gv:—n!
= lim ————
x—0 Ngr—-1 i
1-— eif Z:O T
) f/ waR—l (9)
= i% (NR _ 1)[ Np—1 fi
1-— eif Z:O T
) f/ foR_Qf/(NR—l)‘i‘fNR_l
= M NaoD) T
o S eyt
"(Nr —1
= am NRED
x—0 f
= Ng.

As can be seen from (9), the result does not depend on particular values of f.
It only requires that
lim f =0, (10)

z—0
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the derivative of f,

of
r_
exits, and
lim ' #0. (12)

As can be seen in (9), in a diversity system with MRC, the LRTD is the
same as the system diversity order, which can also be seen from the slopes of
the outage probability-latency curves in Fig. 1.

2.2 Diversity System with SC

Considering of combining the multiple receive signals by SC technique, the diver-
sity antenna with the maximum SNR is chosen to receive the signal as follows

ic = arg max p;, (13)
i€(l, 2, ..., Ng]

where p; is the received SNR of the i-th antenna. Therefore, the outage prob-
ability of the diversity system adopted with SC technique for any Ng can be
obtained as

Pout(Ng) = Pr [ max(p;) < pin]

(14)
=Pr [p1 <pm,p2 <pm, 0, PN < punl-
For each diversity channel, the outage probability can be derived as
Pth
_ Pt
Pout(1) = Prlpi < pun] = /p(pi)dm =1l-e 7. (15)
0

The diversity antennas are independent and have the identical distributed chan-
nels. Then (14) can be rewritten as

Nr

Pout(NR) = HPr [pi < pin] = [Pout(l)}NR~ (16)
i=1

The outage probability results with Np = 1,2,3 are plotted against the
latency in Fig.2. As can be seen, similar to Fig.1, the curves with different
average SNRs are nearly parallel.
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Similar to the analysis in (9), we analysis the LRTD with any Ng. We have

drr

As can be seen

log Pyt (Ng)
log L
log Pyt (Ng)
m —= - owt\V TR
log x
. aPl (Ng)
lim —=outi” St/
z—0 Pout (NR)

— lim

L—oo

x—0

Lt 2P ) "
z—0 met(NR)
. P (1) . xP" (1)

14 lim(Ng—1)2=ew’ 4 Jjy ooutr/
.'r—>0( R ) Pout(l) z—0 Pgut(l)

1+Np—1

Ng.

in (17), in a diversity system with SC technique, the LRTD
is the same as the system diversity order, which can also be seen from the slopes
of the outage probability-latency curves in Fig. 2.

In this section, spatial diversity with multiple antennas is applied to the low-
latency and high-reliability communications. The latency-reliability trade-off of
the diversity system is analysed. The above analysis indicates that the slope of
the P,,;-L curve is the same as the diversity order. That is, the SNR scaling is
similar to the latency scaling. The conclusion remains the same when the diver-
sity system is applied with different combining techniques. Therefore, we can
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replace L with « in (9) and (17) while the conclusion remains the same. In other
words, the latency and reliability can be improved with diversity techniques.

3 System Overhead Analysis in Diversity System

In a diversity system, the SNR received from each diversity channel p; should be
known at receive or transmit side for the purpose of combining. We can assume
that the system overhead ratio of all the resource elements for a reference signal
is a. In a SIMO system with one transmitting antenna and Ng receiving anten-
nas, one reference signal is required at the transmit side. Hence, the number of
resource elements for overhead is constant. With the diversity antennas increase,
the SIMO system performance gets better. However, in a MISO system with Np
transmitting antennas and one receiving antenna, the required reference signals
have the linear relation with the number of diversity antennas Np. That is, when
the transmitter is equipped with Np antennas, the number of resource elements
for the overhead is NyraBL, and the number of resource elements left for data
transmission is BL(1 — Npa«).
In consideration of the system overhead for reference signals, (2) can be
rewritten as o
pin = 2TBO-Nga) — 1, (18)

As can be seen, pyy, is a monotonically increasing function of Ny in consideration
of the overhead, which affects the relationship between latency and reliability as
we discuss in more detail as follows.

3.1 MISO System with MRC

Without considering the overhead, as shown in (6), the outage probability of the
multi-antenna diversity system with MRC is a monotonically decreasing function
of Np. In the case of considering the overhead, integrating (18) into (6), we have
the outage probability of the MISO system with MRC as a function of Nrp.

In order to analysis the trend of outage probability with the growth of N,
we can first analysis how the SNR threshold pyy, affects the outage probability.
Using the properties of incomplete gamma function [13], the outage probability
in (6) can be written as

Nr—1 (m)l
Pout(Np) =1 - 37 27
=0 ‘ (19)

Pth
_ 1 7 Np—1_—t
),

As can be seen from (19), the outage probability of the MISO system is a
monotonically increasing function of pgy,. In (18), pyh, is a monotonically increas-
ing function of N7 in consideration of the overhead. Therefore, in the multi-
antenna diversity system with overhead, with the increase of Np, the outage
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probability will initially decrease due to the diversity gains. Then, too many
system resource elements are occupied due to the system overhead. The sys-
tem outage probability will increase at last. There exists an optimum number of
diversity order to achieve the lowest outage probability.

As plotted in Fig. 3 using the parameter o = 0.05 [7], the outage probability
is a discrete unimodal distribution function of the diversity order Np, which is
in accordance with the previous theoretical derivation. It can be seen from Fig. 3
that the optimum number is Ny = 9. We can use greedy search to find the
optimum N7, but the optimum number is very large when « is small.

100 -

"\ —— Pyt
® @=0.05, L=0.5ms, =1dB,
\ C=120, B=180kHz /
L /
/
//

P iut
it
/
\

10—2 1 " 1 N 1 " 1 " 1 " 1

Fig. 3. Outage probability vs. diversity order in the system with MRC

In order to reduce the number of calculations, we propose to use the Golden
Section Search (GSS) algorithm for finding the optimum diversity order Ny
which leads to the minimum value of P,,; [14]. Compared with the Binary Search
algorithm, the benefit of GSS is that the function value is calculated additionally
once more instead of two times at each iteration. GSS is usually adopted for
finding the extremum of a unimodal continuous function, but in this problem,
P, is a discrete function. The initial search interval of Np is [1,[1/a]]. In
the algorithm, the search interval is narrowed down by the golden section ratio
r = 0.618 after each iteration. The searching process using GSS algorithm is
shown in Algorithm 1.

In the GSS algorithm described above, we have 1/r = r/1 — r as shown
in Fig.4. Therefore, one new point is selected and one more function value is
calculated at each iteration. The number of diversity order N is discrete, so
that the iteration of the golden section search can terminate when the size of
search range is less than or equal to 2, i.e., b—a < 2. Then, the optimum number
is Np = [(a+b)/2].
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Algorithm 1. GSS algorithm for finding the optimum diversity order Np
Input: function value P,,:, parameter «

Output: optimum diversity order N

1: initial a = 1,b = floor(1/a),r = 0.618,left = 1,right = 1

2: repeat

if left then
4 1l = floor(b—1r(b—a)), f1 = Pout(z1)
5: end if
6: if right then
7.
8

22 = ceil(a+r(b—a)), f2 = Pout(22)

: end if
9: if f1 > f2 then
10: a=zl,zl =22, f1 = f2/left =0,right =1
11: else
12: b=22,22 =21, f2= fl,right =0,left =1
13: end if

14: until (b—a = 2)
15: return Np= ceil((a + b)/2)

a X1 X2 b
[ ) O l
A AN

<+— r(b-a)——» <« (1-1r) (b-a)—»

Fig. 4. Division of interval in GSS algorithm

As shown in Fig. 3, when the latency L = 0.5ms, the optimum number of
diversity order is Ny = 9. Using the GSS algorithm, when « = 0.05, the initial
search interval is [1,20], the result is also Ny = 9. As shown in Fig.5(a), when
a = 0.05, the GSS algorithm gives the same results as greedy search algorithm.
When a = 0.04, more results are plotted in Fig. 5(b). The reason for calculation
error of GSS algorithm is that the outage probability is a discrete unimodal
distribution function of the diversity order Np. At each iteration, the new point
selected by golden ratio should be rounded up or down to the nearest integer. The
search range cannot be narrowed down any more when b—a = 1 or 2. Therefore,
there could be an error by using GSS algorithm. As shown in Fig. 5(a) and (b),
with the increase of L, the optimum number of diversity order Np increases.
Comparing Fig.5(a) with (b), it can be seen that, with the decrease of «, the
optimum N7 increases.

The results of optimum number by using GSS algorithm and greedy search
algorithm are compared in Fig.5(a) and (b). The GSS algorithm gives smaller
results of Ny than the greedy search algorithm. The error is less than or equal
to 1. Moreover, the GSS algorithm needs less number of calculations than the
greedy search algorithm, especially when « is small. Therefore, when the outage
probability is a discrete unimodal distribution function of the diversity order,
the GSS algorithm can be used to find the optimum diversity order Np.
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Fig. 5. Optimum number of diversity order with the GSS and greedy search algorithm

3.2 MISO System with SC

Without considering the overhead, as shown in (16), the outage probability of the
multi-antenna diversity system with SC is a monotonically decreasing function
of the diversity order. In the case of considering the overhead, integrating (18)
into (16), we have the outage probability of the MISO system with SC as a
function of Nr.

As can be seen from (15), the outage probability is a monotonically increas-
ing function of pg,. In (18), py, is a monotonically increasing function of N in
consideration of the systems overhead. Therefore, in the MISO system with SC
with overhead, with the increase of Np, the outage probability of the diversity
system will initially decrease due to the diversity gains. Then, because of the
overhead, the system outage will increase at last. Therefore, there exist an opti-
mum number of diversity order to achieve the lowest outage probability. The
outage probability considered of system overhead with L = 1 ms and a = 0.05
is plotted as a function of Np in Fig. 6.

The outage probability of the MISO system with SC is similar to the outage
probability of multi-relay system modeled in [7]. To obtain the optimum diversity
order, we can use the simplified iterative method proposed in [7], which is much
simpler than greedy search method. The optimum number of diversity order can
be obtained taking the derivative of the outage probability in (16), then we have

or,
ONr

P logP; + N 0, (20)
where P; = P,,;(1). Because that the number of antenna Ny should be an inte-
ger, the result should round down to the nearest integer. According to the LRTD
analysis in (17), when considering the system overhead, we have an approximate
fitting function

b
P~ —m— 21
1 L(].-NTO()7 ( )
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Fig. 6. Outage probability vs. diversity order in the system with SC

where b is a constant, which can be obtained by fitting the outage probability
curve indicated by the black square symbol in Fig. 2, b = 0.0003694.
Integrating (21) into (20), we have

L
Zg =0/, (22)
b
where
z=1— Npa. (23)

Equation (22) can be rewritten as

1

T = w. (24)

It can be proved that the two functions in (22) have a single intersection
point in the interval of = € [0, 1]. That is, there is an optimum diversity order.

Therefore, the sole root of (24) can be calculated by the iterative method.
The iteration start from z = 1. The iteration process to obtain the optimum
diversity order N is shown in Algorithm 2.

As shown in Fig. 6, the optimum number of diversity order is Ny = 8. The
simplified iterative method in Algorithm 2 gives the result Np = 7.

The results of optimum number by using simplified iterative method and
greedy search method are compared in Fig. 7. The simplified iterative method
gives smaller results of N than the greedy search method. The error is not large.
Simultaneously, the error of the lower bound of the outage probability due to
inaccurate Nt is small. The iterative method can be used to find the optimum
diversity order N with simpler and less calculations.
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Algorithm 2. A simplified iterative method for finding the optimum Np
Input: function parameter «, the required latency L
Output: optimum diversity order N
1: initial b = 0.0003694,2 = 1,n = 1
2: whilen=1or |[N — NO| > 0.1 do
3: 20 =2z
: x =1/ (14 log(Lx/b))

4

5 N=(1-2)/a

6: NO = (1-20)/a
7 n=n-+1

8: end while

9: return Np= floor(N)

14 >
13 | .
12 1
1 F
~
2
10 |
/
oL/ =0.05, =1dB,
/ C=120, B=180kHz
8 1/ —a— jteration
—e— greedy search
7 1 1 1 1
2 4 6 8 10
L(ms)

Fig.7. Optimum number of diversity order with the iteration method and greedy
search method with a = 0.05

4 Conclusion

In this paper, the relationship between the latency and reliability of diversity
system is investigated. Diversity systems adopted with maximal ratio combin-
ing and selection combining techniques are analysed respectively. The LRTD is
proved to be the same as the number of the diversity order whichever combin-
ing technique is adopted. For the MISO system considered of system overhead,
the trade-off between diversity gains and the system overhead is analysed. For
system with MRC, golden section search algorithm for discrete function is pro-
posed to obtain the optimum number of diversity order. For system with SC, the
optimum diversity order is obtained with a simplified iterative method which is
much simpler than greedy search method.
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