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Abstract—Ultra-reliable low-latency communication (URLLC)
and machine-to-machine (M2M) relaying are increasingly impor-
tant. In-band full-duplex (IBFD) communication is desirable for
low-latency communication because it can theoretically double
the capacity of half-duplex (HD) communication, but is limited
by self-interference (SI) in which the IBFD transmitter injects
interference into its received signal due to large transmit and
receive power differences. There are many methods to mitigate SI
in IBFD, but we focus on multiple-input multiple-output (MIMO)
precoding to spatially null SI, while also being careful to limit
communication latency. Unlike works aiming to compute the
highest achievable rate in IBFD relays with an essentially fixed
precoder, we propose a strategy allowing the precoder to change
on a per channel use basis to avoid rate bottlenecks at each hop.
Our strategy generalizes to multiple relays. We frame finding the
sequence of precoders to relay packets through N IBFD MIMO
relays with the lowest communication latency as a shortest path
problem. Specifically, we design a quantized covariance precoder
codebook at each transmitter based on limiting the maximal SI
power each precoder produces. Then, an iterative algorithm is
used to optimize the selection of precoders over channel uses to
relay packets in the fewest channel uses possible.

Index Terms—MIMO, full-duplex, URLLC, relaying, short
packets, wireless backhaul

I. INTRODUCTION

S the vision of a smart, autonomous, and connected

society is realized, communication systems must evolve
to meet the new and distinct challenges that follow. On
top of enhancing data rates, there are two additional fea-
tures that must be incorporated into wireless networks: ultra-
reliable low-latency communication (URLLC) and specialized
short-packet communication for machine-to-machine (M2M)
communication. URLLC is a type of communication with
strict reliability and latency requirements subject to minimum
throughput [2]. Meanwhile, M2M communication encom-
passes communication designed for large numbers of devices
in dense areas. M2M communication is unique in that devices
may use short packets, and M2M communication will likely
require high reliability and low-latency [2], [3].

URLLC and M2M communication have value in a variety of
applications. M2M communication will be pervasive in many
scenarios, including in long-term low-power environmental
sensing, in numerous applications in smart cities, and in par-
tially or fully-autonomous factories, among other applications
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[4]. Similarly, URLLC will be used in critical disaster com-
munication, drone and autonomous vehicle communication,
and reliable cloud connectivity [2], [5]. It is clear M2M and
URLLC are not generally exclusive.

Rural wireless communication and agricultural communi-
cation will especially benefit from both. Relay networks will
extend and improve wireless broadband to isolated areas, as
relay networks can provide wireless backhaul in areas where
building cell towers is not economically feasible. Wireless
backhaul will rely specifically on low-latency techniques to
minimize delay introduced by processing at relay nodes, which
is important for remote jobs, tele-education, telehealth, and
more applications. Improved rural broadband, beyond improv-
ing quality of life for people in rural areas, opens opportunities
for smart agriculture, where M2M and URLLC will be critical
for data-driven agriculture, including in-field sensor networks
and autonomous farm equipment [6].

Of great importance in analysis of URLLC/M2M systems
is the idea that short packets will become an increasingly
prevalent data type. For example, the main data traffic of
sensors will be short packets [2]. Likewise, short packets
may facilitate a reduction in the latency of relay networks.
This is because, in decode-and-forward (DF) relaying, each
relay node must aggregate an entire packet before decoding
it and re-transmitting. If short packets are used, the time to
accumulate an entire packet is reduced [7]. You may wonder
how theoretical analyses of URLLC/M2M communication are
possible given Shannon’s main results on channel capacity
explicity rely on sufficiently long blocklength [8]. More recent
works by Polyanskiy et. al have extended channel coding
results to the finite-blocklength regime, illustrating the trade-
offs between blocklength, achievable rate, and error rate [9].
Following the seminal developments of Polyanskiy er. al
[9], the finite blocklength capacity has been further explored
for scalar fading channels, MIMO fading channels, MISO
channels [3], [10]-[13].

An area of study in low-latency communication is finding
achievable rates for the in-band full-duplex (IBFD) relay. The
interest in IBFD for low-latency communication is because it
could, in theory, double the spectral efficiency of a system
by doing away with half-duplexing (HD), where uplink and
downlink communication is performed in orthogonal time
or frequency slots. Instead, receiving and transmitting sig-
nals occurs simultaneously in the same frequency band at a
transceiver. The fundamental challenge with IBFD is that the
self-interference (SI) from the transmit signal at a transceiver
greatly overwhelms the receive signal due to a variety of
reasons, including imperfect interference channel estimation
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and inadequate ADC dynamic range, among other hurdles
[14]-[16]. There has been renewed interest in IBFD, however,
because short-range systems are becoming more prevalent and
it is important for future wireless backhaul. These commu-
nication architectures make SI suppression more manageable
because the difference in power of the transmit and receive
signal is less severe [14].

There are many works characterizing the performance of
IBFD MIMO relays. In the work by Day et al. [15], the
achievable end-to-end rate of an IBFD DF two-hop MIMO
relay with limited dynamic range and channel estimation error
over Rayleigh-fading channels is explored. To find the bound
on achievable rate, the authors propose an algorithm for a
non-convex optimization problem where the minimum mutual
information (MI) of the two-hops is maximized. Although
this work gives interesting guidelines on what conditions are
ideal for HD versus IBFD, these results cannot be guaranteed
to be globally maximal and assume a limited, stationary set
of precoders is used throughout all channel uses. In Korpi
et. al [17], the authors depart from using strictly IBFD or
HD to find achievable rates, leading to the idea of hybrid
IBFD/HD MIMO relaying. The authors found that some HD
transmission is necessary to allow the first hop to transmit
alone to avoid creating a rate bottleneck. Their results show
that using a flexible hybrid scheme, that is, optimizing over
HD versus IBFD time blocks to maximize rate, performed
better than only using the IBFD scheme, such as in Day et. al

[15]. Though Korpi et. al [17] takes a step towards creating

a dynamic precoding IBFD relay architecture and improves
upon the rates achieved in Day et. al [15], it is still unclear if
this is the lowest-latency technique for relaying packets across
a two-hop relay. Further, the precoder codebook presented in
Korpi et. al [17] is restrictive— that is, the precoder at the
relay transmitter is either off or the IBFD end-to-end rate
maximizing precoder. It is unclear if the overall end-to-end
delay could further benefit from more flexibility in precoder
selection.

Rate analysis for IBFD relays with short-packets is a sparser
research area. In Gu et. al [18], the authors introduce short
packet expressions in HD versus IBFD analysis, although for
a single antenna two-hop relay. For the single antenna case, it
was found that IBFD was preferable in terms of overall delay
for systems with lower transmit power, a less strict block error
rate constraint, and, as expected, stronger SI suppression. In
Hu et. al [19], the authors examine the performance of a single
antenna IBFD amplify-and-forward (AF) and DF relay setup
with reliability constraints. They found that shorter packets
are more sensitive to SI and more resources should be spent
on cancelling SI. As expected, lower SI values resulted in
higher reliability relaying. We seek to extend the work on
characterizing the minimum end-to-end delay for IBFD short-
packet MIMO relay systems with reliability constraints.

In this paper, a framework is developed to minimize the
overall delay in the transmission of a block of ¢ packets of size
b bits across N fixed IBFD DF relays. By fixed, we assume
that there is no choice in which relays to use, such as in
the case of wireless backhaul networks or if the relays are
chosen after some routing algorithm, for example. Each relay

transmitter is equipped with a power-constrained precoder that
can be used to optimize the achievable transmission rate or,
inversely, spatially suppress SI at the relay receiver. We extend
the idea of the hybrid precoding scheme in Korpi et. al [17]
by allowing the precoders to change across channel uses, but
we allow a more flexible selection of precoders. We develop a
dynamic programming algorithm that determines the optimal
set of precoders to apply to each relay in terms of reducing
overall delay in the transmission. Upper and lower bounds on
the overall transmission delay are derived, and the performance
of our algorithm is compared with these bounds. Further, we
substitute finite block length capacity expressions into our
simulations and observe the overall delay for various block
lengths and block error rate constraints.

Notation — In this work, ()T, (-)*, and Tr(-) denotes
the matrix transpose, conjugate transpose, and matrix trace
respectively. |-| denotes the floor operator. A denotes a set,
A denotes a matrix, a denotes a vector, O denotes the all
zeros vector, and a[n| denotes the element in the nth index
of a. < and > denote the element-wise less than and greater
than comparison of two vectors, respectively. card(-) denotes
the cardinality of a set. C = A X ... X B means that

CZ:{((LZ',...JL;)ZaiGA,...,biGB}.
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Fig. 1. High level diagram of IBFD relay network

II. PRELIMINARIES

Consider a DF MIMO relay network with a source node, N
IBFD relay nodes that produce self-interference (SI) from the
relay transmitter to the receiver, and a destination node, where
each node has multiple antennas with no direct link between
non-adjacent nodes, such as the network shown in Fig. 1. The
relay nodes of such a network are numbered consecutively
from 1 to NN, where relay 1 is adjacent to the source and
relay N is adjacent to the destination. At the ith relay node,
there are M}, transmit antennas and M! receive antennas.
The source has M, transmit antennas, and the destination
has M, receive antennas. Each transmitter in the system is
equipped with a M} x M}, power-constrained precoder Fi.
System model details are discussed in detail in Section III-A.

A. Prior Work and Motivation

We begin by examining the current literature and perfor-
mance of IBFD low-latency relaying and look to it for a
motivating example. Results of interest to us are the end-to-end
asymptotic rate-maximizing precoder result, such as is investi-
gated in Day et. al [15]. In Day et. al [15], the authors model
a two-hop MIMO IBFD relay system where the relay receiver
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experiences SI from its own transmitter. In essence, the authors
proposed a method for numerically solving the non-convex
optimization problem of finding the maximum end-to-end mu-
tual information (which is the end-to-end capacity if channel
estimation is assumed perfect) of the two-hop IBFD MIMO
relay system. The optimization is performed with respect to the
precoder covariance Q[n] = (Q,[n], Q,.[n]), which is a vector
of two power constrained covariances matrices, the covariance
of the source and the relay precoder, respectively, optimized
over two communication epochs (that is, n € {1,2}). The two
epoch scheme allows for a HD solution.

T (Q) = Qnéfgi min (Is,-,T (Q) yLrd,r (Q)) QY

where
Isr,‘r = Z T[n]Isr (Q[?’l]) (2)
n=1
and
2 —
Trar =Y 7[n|Z.a (Qln]) 3)
n=1

are the mutual information of the source to relay and relay to
destination link, respectively. The authors approach solving
(1) by converting it into a weighted sum-rate optimization
problem which in the end only guarantees a local maximum
in a generally non-convex problem. The reader is directed to
Day et. al [15] for further details on the proposed algorithm.

1) Implications on Latency with Practical Systems: By
design, the above algorithm aims to find the link-equalizing
precoder design (unless the source-to-relay link is much,
much better than the relay-to-destination link). But what if
we were transmitting ¢ packets across a DF single relay
system? Consider why the solution to (1) might not be the
optimal selection of precoders to deliver the ¢ packets to the
destination. We define the number of channel uses required to
get the ¢ packets to the relay as our metric of latency. That is,
if transmitting over some fixed bandwidth W from a source to
destination node, then the lowest-latency transmission method
is the transmission method that delivers the ¢ packets in the
shortest amount of time, or, alternatively, the smallest number
of channel uses. Now, assume there is no direct link between
the source and the destination node, that is, all packets must
flow through the relay.

Clearly, to maintain a causal system, any packet arriving at
the destination must have already been received and decoded
in full at the relay first. From this perspective, for a DF
relaying regime, the transmit precoder at the relay should
suppress SI completely for the first b/C*" channel uses, where
we remind the reader that b is the number of bits per packet
and C*®" is the capacity of the source to relay link. This is
due to the causality of the system, as before the first packet
has completely arrived at the relay, there is no information
to be sent to the destination yet. This insight is somewhat
incompatible with the algorithm in Day et. al [15], because for
the first b/C*" channel uses, it does not make much sense to
design the source and relay precoders to be link-equalizing if it
is not possible to send information over the relay-to-destination

link. Instead, we should design the source and relay precoder
to ensure the best source-to-relay rate to get the first packet to
the relay as quickly as possible. Otherwise, the relay system
would encounter a bottleneck where the relay must wait longer
than necessary to transmit the first packet to the destination.

It is pointed out in Korpi et. al [17] the potential bottle-
necking issue and propose using HD for some time before
switching to FD for the rest of the transmission. But in the
case for both works, there is no so-called causality constraint
explicitly included in either algorithm. That is, throughout any
point in the transmission of ¢ packets across a real separated
relay system, it must hold that the relay has accumulated the
same or more packets than the destination. It is unclear how
this practical constraint affects how the source and relay pre-
coders should be designed for a practical, low-latency relaying
scheme. In this manuscript, we are tasked with building a
low-latency relaying algorithm that explicitly considers such
a constraint.

2) Complexity for N > 1 Relays: The algorithm presented
in Day er. al [15] is explicitly designed for an N = 1
relay system. However, for example, in a rural setting or
extremely dense urban setting where relay networks could
provide wireless backhaul, using only one relay may not be
a realistic assumption. The algorithm in Day ef. al [15] is
already somewhat computationally complex and is approxi-
mated for ease of implementation in subsequent sections of
the manuscript, but it is not clear how this could generalize
to N > 1 relays. Therefore, in addition to considering a
causality constraint discussed in the previous subsection, we
are motivated to develop a low-latency relaying framework
that generalizes more easily to an arbitrary number of relays.
In Section III-B, we discuss how we can formulate the
low-latency relaying problem as a shortest path problem so
that we may include a causality constraint and generalize to
N > 1 relays. In our conference paper Malayter et. al [1],
we demonstrated this result for N = 1 relays. In this work,
we extend our findings to N > 1 relays, including methods to
reduce computational complexity.

III. CHANNEL MODEL AND PROBLEM FORMULATION
A. Propagation Channels

In general, we describe the channel from relay i to relay
i’ as the M,’,;XM;I channel matrix H"? and its reverse
(not necessarily reciprocal) channel as H', where i < i’
(where we adopt the convention that the channel from the
source to relay i is H®' and the channel from relay i to the
destination is H*?). The reverse channels are only present
between relays since these are the only nodes operating in
IBFD and thus causes inter-relay interference (IRI). It is
assumed the channel matrices of non-adjacent nodes are zero,
that is, H"" = H? = 0 when i’ # i + 1. Additionally, we
model the SI as a loopback interference channel that describes
the electromagnetic leakage from the transmitter to the receiver
at a given relay. The SI channel at each of the relay nodes is
described by the M? x M}, matrix G’, where it is assumed
that the entries of G* are circularly symmetric complex Gaus-
sian with zero mean and unit variance. Therefore, the system
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is an N + 1 hop separated relay network, and each packet of
information originating from the source must travel through
the IV relays consecutively to reach the destination.

As the primary objective of this manuscript is to optimize
the precoders at each node’s transmitter in terms of over-
all latency in the transmission of ¢ packets, we equip the
transmitter at the source and each relay with an M} x M},
precoder F},, where i denotes the node and & denotes the time
index. The precoder power constraint is normalized such that
Tr (F,,F},*) < 1, where the power scaling of the (i — 1)th
precoder is lumped into the signal-to-noise ratio (SNR) term
at the ¢th node, p;. At the receiver of node 7, the incoming
signal is impaired by independent complex Gaussian noise n,
distributed CN(0,T).

Further, we define the signal vector transmitted at time k
from relay i as the M, x1 vector X, where the x}’s are drawn
from independent complex Gaussian codebooks. Similarly, the
signal vector transmitted at time k from the source is the
M, x1 vector xj,. It then follows that the received signal at
relay ¢ at time index k can be written as

Vi = AH T E N 4 G
4 raiHi+1’iFZ+1X;;+1 + n;w (4)

where we slightly modify the notation for the received signal
at relay 1 and the destination as

vi = VoIH Fix; + i G Fixt + o H> ' Fix} + nj
and
vi = vpaHVFY XY+,

respectively. In (4), p; and py are the SNR at relay ¢’s
receiver and the destination receiver, respectively. We define
1; is the interference-to-noise ratio (INR) of the loopback
interference channel at the ith relay receiver and the term
a; is the INR of the IRI caused by the transmitter at the
next consecutive relay node. It can be seen from (4) that
the first term \//TiHi_l’iFZ_lx};_l is the signal of intgrest
at the receiver, whereas the last three terms \/EG’ }cx}f,
VarH PRSI and n} are undesirable SI, IRI, and
noise terms, respectively. Therefore, the SI and IRI terms are
treated as additional noise. The second to last term in (4) is
non-zero only if there are 2 or more relays, in which case
the interference affects relays 1 through N — 1. Thus in the
separated relay case, the second to last term may be omitted.
The covariance of the noise and SI terms is given by

= mGIQUGT + o HIT QI H I 1 (5)

where Q) = FiF;' is the precoder covariance. Equation (4)
gives intuition about the design problem for the precoders in
the relay network. For example, it can be seen at node 1, F}f can
be designed to minimize or eliminate the SI term \/EGi Lx}c
In the N > 1 case, designing the precoder Fj, to reduce the
IRI experienced at the (i — 1)th node is futile since in practical
systems 7; > «;, so we do not design the precoder to reduce
IRI. At the same time, F}C can also be designed to improve the
signal term at the following relay. In the following section, we
produce an algorithm that determines how much the precoder

Fi should be biased towards reducing SI at node 7 versus how
much should F}c be biased towards improving the received
signal quality at node 7 + 1. As a final note about the system
model, it is assumed there is full channel state information
(CSD) at the transmitter and the receiver. The system model
block diagram is summarized in Fig. 2.

B. Shortest Path Problem Formulation

The primary goal of the relay system is to leverage the trans-
mit precoders at each relay to deliver ¢ packets of size b bits
across N IBFD relays to the destination with the lowest overall
latency possible. In this manuscript, the metric of latency we
use i channel uses, since, for a fixed bandwidth, the more
channel uses required to relay information corresponds to a
longer overall transmission time. Therefore, we want to reduce
the number of channel uses required to deliver B = /b bits
across the [N-relay system. At the end of this subsection, we
show how this minimization of channel uses can be expressed
in a linear programming (LP) formulation of the shortest path
problem.

We first introduce the notion of a bit-deficit. Let A7, A};,
and Az be the bit-deficit of the source, relay ¢, and the
destination, respectively, which indicates how many bits the
given node has yet to receive after k total channel uses across
the relay. For example, the bit deficits before any transmission
occurs are A§ = 0, Af) = B, and Ag = B, because the
source has all of the packets and neither the relay(s) nor the
destination have received any information. On the other hand,
after some minimum, but unknown, amount of channel uses
T, the bit deficits will be A3 = AL = ... = A¥ = Ad =0,
meaning all of the nodes have received all B bits and the
transmission of information from source to destination is
complete.

Since each relay can only transmit to the next consecutive
relay, any information arriving at a relay comes only from its
preceding relay (or the source, in the case of the first relay).
Therefore, after any number of channel uses k, the bit deficits
will naturally obey the inequality

A <AL <... <AY <A{ Vk > 0. (6)

However, since the relay network is operating in the DF
regime, then (6) must be strengthened, because the DF relay
requires that every packet must arrive in full at a relay in
order to be decoded and retransmitted. The number of fully
received packets received at relay ¢ and the destination are

i d
V\Z‘)’“J and {%J , respectively. It follows that the number of

fully decoded packets relay ¢ has received is CLA}}‘J since a
packet must be received in full to be decoded. Thus (6) is
replaced with the stronger set of constraints

LA;“J < AT}“ and

A A?

H‘J <3 and (7

25| <4 w0
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Fig. 2. Block Diagram of the IBFD MIMO separated relay network

since packets must be received in full at a given node before
they can be transmitted to the next node. Due to the nature of
the above constraint, we can conclude that the transmission is
complete when Ag = 0, because this implies all of the other
nodes’ bit deficits are also zero.

Clearly, after a channel use while A{ = 0, it is expected
that one (or more) of the 2’5 or Ag will reduce. However,
which of the A%’s or Ag will reduce and to what extent is
dependent on which precoder is used at each relay and how
much information is already accumulated at each node after
channel use k — 1. Let

se = (AL AL...,Af) (8)

be the vector state representation of the bit deficits of each
relay node after k& channel uses, and denote Sy as the set of
all possible vector state representations of the relay after k
channel uses. We also denote S§ = U(’j Sk as the set of all
possible states up to channel use k. Let Q¢ denote the set of all
possible precoder covariances at relay ¢. Then, we will refer
to

u' = {Q",Q™,...,Q""} )

as a control action that describes precoder covariances that
the source and relay(s) transmitters use during a channel use,
where Q™ € Q° and Q™ € QF are the source and ith relay’s
precoder, respectively. We denote U as the set of all possible
control actions. Further, define

m(s) = {u',...,u'} (10)
as a policy, that is, a set of controls actions that when applied
over each channel use after starting at s = (0,B,...,B)

result in the state s{v. Let T';pper be some finite, upper bound
on the number of channel uses required to relay B bits to
the destination (for example, if a half-duplex relaying policy
is used then this is certainly an upper bound that is easily
computed). Then there exists at least one policy 7(st,,,.,)
where achieving a terminal state st, .. 0,...,0) is
possible (though, using our algorithm, the goal is to find the
policy 7(s7) with the smallest 7" such that s = (0,...,0)).
Suppose then G(SOT vrrer £ is a directed graph that connects
the initial relay state sg = (O7 B,....B ) and the terminal state
STupper = (O, ce O), where £ is the set of all possible ordered
pairs (s}, si 1) associated with a control action v’ that forms

. T
a directed arc between two elements of Sj“""".

With the above graph formulation in mind, we formalize the
objective function to minimize latency. Let 7" be the minimum
latency in terms of overall channel uses required to relay B
bits from the source to the destination while satisfying the
constraints in (7). By the way G(Sg vprer €3 is constructed,
the constraints in (7) are implicit. That is, there only exist
elements of SOT “PPe” that are physically possible given the set
of control actions U, and there only exist edges in &£ that
are associated with possible state changes governed by the
control actions in I/. Defining & C £ as the set of all arcs
that connect sy = (0, B,...,B) and sz,,,.. = (0,...,0), let
d;; be an indicator variable such that
1 ifarc (i,5) € & is on a route to s,

8ij = wrrer (1)

0 else

and let d;; be the delay of traversing arc (¢,j) in terms
of channel uses. We condition d;; such that for every arc

(S;w S?c—o—l)

1, s #(0,...
0, else

0
dij: ’ )

(12)
Note that if there exists a policy 7(s7) with T < T, ppe, such
that sy = (0, ..., 0), then the arcs associated with the controls
of 7(s7) must also be on a route to St ypper-

Then, T is the result of the LP formulation of the shortest
path problem

T = minimize Z(i,j)egg dijéij
subject to > Jsp0 = 1,
a:SiES1

i
O=ST pper —1 ESTypper+1

Z 6&5}; -

a2527163k71

=1, 13)

ASTypper

0i3=0

ﬁ:S;v'Jrzl:ESkJrl o

Note that the constraints in (13) ensure conservation-of-flow,
guaranteeing continuity of a path through a given relay state in
the graph G (SOT vprer €3 and ensuring the shortest path starts at
so and ends at the terminal state [20]. We constructed the graph
network such that each state occurs after one channel use. It
follows that the solution of (13) with d;; defined as above
gives precisely the minimum latency to relay b bits from the
source to the relay, because it finds the path that reaches the
all zeros state first, which we denote sy = (0,...,0), where
T is the minimum number of channel uses to relay B bits to
the destination.
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Although (13) elucidates the optimization problem at hand,
it is highly impractical to solve in the given form since it
involves generating an entire graph G(Sg vreer £ of large
size (since T pper is merely an upper bound) and brute force
computing the cost of all of the paths to find which path
reaches a terminal state s = (0,...,0) first, T < Tupper- In
Section V, we propose an algorithm to compute the precoding
policy that solves (13) in a more tractable manner.

IV. RATE AND LATENCY ANALYSIS

In this section we discuss a lower bound on the latency
encountered relaying B bits across the separated relay system
which is achievable in the very special case where there is
no SI or IRI. An upper bound is presented in the following
section under Lemma 3 as it relies on some knowledge
of our approach to the optimization problem. We use the
traditional Shannon capacity expression in this analysis, which
are somewhat optimistic for finite blocklength codes but are
traditionally used in capacity analysis. With this, the mutual
information (MI) of any given channel from relay ¢ to ¢ + 1
is given by [21]

0 (Q, Q7 , Q)
— IOg |I + pi+1Hz,z+1Q2Hz,z+1*(2?—1)71| ,

(14)

where the dependence on Q"™';, Q"2 is implicit in i as
defined in (5). Note that (14) assumes the presence of IRI; in
the case where there is no IRI, Q;H can simply be set to 0.

The capacity of the channel from relay ¢ to ¢ 4+ 1 is given by

Chitl — 1og |I+pi+1Hi,i+1Qi}fH1',,i+l*| (15)
where Qfﬂ ¢ 1s the classical water-filling optimized covariance
matrix [22]. The capacity in (15) is achievable when the SI
and IRI is suppressed completely, or, mathematically, when
X! = 1. This could occur, for example, when Fj"" is in the
null space of G'*' and Fi*? is in the null space of H' T2
for some non-zero 7,41, &;+1. The end-to-end (E2E) capacity
of the separated relay with SI is given by [23]
Cpop = max min (ISJ (Q°,Q",Q?), (16)
Q,Q',....Q¢

B yeeny

1.2 (Ql,QQ,QS) TN (QN7Qd7O> ),

where Qd is also set to 0 because the destination does not have
a transmitter. In most cases, (16) is not a trivial optimization
problem to solve because (14) is convex in E}:rl and concave
in Q}'C [22], [24]. However, a relatively simple upper bound
on the E2E relay capacity can be formulated from (15) and
(16). In the case there is no SI or IRI on any link, that is,
) =1, YV k,j, (16) becomes

Clgp = min (C*',...,CN9). (17)

It is clear to see that the maximum E2E relay capacity is
bottlenecked by the worst individual link. From this we can
construct a (potentially very loose) lower bound on the number
of channel uses required to relay ¢ packets of size b bits across

th?)N separated relays by ignoring SI, which we will call
¢
Let

N,lower"*

b
Chi
be the minimum amount of channel uses required to relay one
packet across the 7, jth hop, that is, when there is no SI from
the jth node and the precoder at the ith node is Q, g Itis
not hard to see the minimum channel uses to relay one packet
across the network is simply

71

N,lower

thd = (18)

=t 2 4 N

because there is no decoding bottleneck encountered with a
single packet since once the packet arrives in full at any relay it
can immediately begin transmission to the next relay. However,
there will be a bottleneck with ¢ > 1 packets and therefore
we can write a more general expression for a lower bound on
the channel uses required to relay ¢ packets from source to
destination through N relays.

Lemma 1: A lower bound on the number of channel uses
T required to relay ¢ packets across the relay network with a
packet size of b bits is given by

7®

N,lower

=t b2 N
+ (£ — 1) max{t>!, 12 . V4

where %7 is defined in (18). See Appendix A for proof.

Indeed, Lemma 1 is potentially quite optimistic for a lower
bound, since it assumes the absence of SI and IRI, but it
provides intuition of the notion of the rate bottleneck caused
by the worst hop. Our algorithm gets closer to the true lower
bound on the number of channel uses required by accounting
for SL

V. DYNAMIC PROGRAMMING OPTIMIZATION APPROACH

In Section III-B, we discussed how we can think of the low-
latency relaying problem as a shortest path problem. In (13),
we posed the objective function to solve for the lowest possible
latency required to relay ¢ packets across the N separated
relay network. However, solving (13) in its current form is
massively inefficient. Instead, in this section, we discuss how
we take a dynamic programming approach to solving (13).
Specifically, since we are faced with a deterministic shortest
path problem, we take an iterative approach where we begin
with sp and generate a directed graph G(SOT' wrrer £ until a
state is produced such that s = 0, indicating the shortest
path has been found. Beginning with sy, every control action
ul € U is used to direct an arc from sy to a new state s¢,
creating a new state set of states S after one channel use. We
do the same for each state s’i € S1, and so on until the first
instance of a state satisfying sp = 0 after some 7' channel
uses. See Fig. 3 for a visual representation of G(SOT urrer g9,
As discussed in Section III-B, the set of control actions U
that govern the state changes in G(SOT wrrer €Y correspond to
which precoders are used during channel use k and therefore
in Section V-A we show how we generate the set of usable
precoders. In Section V-B we show how the state space is
reduced for computational tractability. Finally in Section V-C
we outline the algorithm in detail.
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Fig. 3. Illustration of iteratively produced directed graph

A. Generating a Precoder Codebook

We address the first complexity issue with solving (13).
The relay system’s original state is so = (0, B, ..., B). Now
consider the cardinality of the state space Si, that is, the
number of possible vector state representations of the relay
after one channel use. This depends on the cardinality of U,
the set of all possible control actions which is equivalent to
the number of precoder combinations we can choose to use at
each transmitter during the first channel use. In other words, if
the number of possible precoders is card(Q?) at relay 4, then
card(U) = card(Q?®) Hivzl card(Q?). If the only constraint we
place on the precoders is that T'r (F}F},) < 1, then card({)
is infinite, and, hence, card(S;) is also infinite.

In order to solve (13) computationally tractibly, card(l{)
should be finite, therefore we look to quantizing the set of
precoder covariances a given transmitter may use. We address
this problem by using the widely implemented codebook-
based precoding approach, which limits the set of usable
precoders to a finite set. The so-called quantized covariance
precoding approach has in the past been used in limited feed-
back scenarios [21], [25]-[28]. In the case of this manuscript,
we construct the codebook using a SI thresholding approach
based off the joint precoding approach in Huberman et. al
[29]. Such a codebook construction allows the maximization
of the achievable rate of the ith relay with respect to the power
constrained precoder, subject to an additional limitation on the
power of the SI produced by the relay. In this construction,
the codebook contains precoders that generate maximal SI
and precoders that generate very minimal SI using quantized
SI threshold increments. In a sense, the presented quantized
covariance method allows computational feasibility at the
expense of an approximation of the optimal solution to (13).

Denote the codebook at the ith relay transmitter by Q' and
let

Ii (Q’L) _ log |I + piHi,i—‘rlQiHi,i—l-l*’

Then, we construct Q° by solving the convex optimization

problem

I%E}XIi (QZ) (19)
subject to
Tr (G'Q'G™) < ,Tr (Q) < 1

for each transmitting node 7 and for various values of T
depending on the desired codebook cardinality |Q¢|. The SI
term Tr (GiQiGi*) < 7 comes from Tr(¥%) = Tr(I +
nLGzQsz* +aiHi+1,iQi+1Hi+1,i*) ~ TT(I+7]7;GiQiGi*) <
7 = Tr(GiQiGi*) < 7 by the idea that n; > «; in
practical systems and the linearity of the matrix trace. We
chose (19) in part due to its convexity, so it can be solved by
off the shelf convex optimization software. In our simulations,
(19) is solved using MATLAB CVX and the MOSEK solver
with a CPU time to solve approximately .5 seconds on a
Lenovo ThinkPad X1 Carbon Gen 8 with an Intel® Core™
i7-10510U CPU [30]-[32]. We note below a property of this
codebook construction that allows the simplification of the
state space.

Lemma 2: The objective function in (19) monotonically
increases in 7 > 0 given a fixed precoder power constraint.

Proof: Consider the objective function in (19) and assume
that the constraint Tr(Q) < 1 is fixed. We first note that 7
should always be greater than or equal to 0 since X? is positive
semi-definite. Let Tpax = Tr(GiQw fGi*), which corresponds
to the power of the SI produced when the optimal waterfilling
precoder discussed in Section IV is used. Note that for any
T > Tmax, the maximizing precoder of (19) will still be Q,, ¢
since the power constraint is assumed fixed, which shows the
result of the objective function is constant for 7 > T,,44-

Now consider the behavior of (19) with 7 € [0, Tyax)-
Denote the maximizer of (19) with SI threshhold 7 as QT.
Clearly for any 7 < 7,7 under the fixed precoder power
constraint, we have that

Fix a 7 € [0,7Tmax) and let € € [1, Tax]. Suppose the SI

constraint is increased to 7e (that is, Tr(G'Q'G™) < Té).
Then it follows that €Q.. (a simple power scaling of Q) is a

feasible solution of (19) since

Tr(G'Q,G™) < 7 = Tr(G'eQ,G™) < er.

Further, we have that
7'(Q,) < T'(=Q,).
Since 6QT is in the feasible region of (19) it follows that
T'(eQ.) < T'(Q-.) = T'(Q,) < T'(Q..)

where QTE is the maximizer of (19) with SI constraint 7e¢.
Thus we have shown that (19) increases monotonically with
a fixed precoder power constraint. ll

As we will see, Lemma 2 allows us to reduce the state space.
Lemma 2 also informs us that when we design our codebook
we should constrain against values of 7 € [0, Tax], since, as
shown in the proof of Lemma 2, constraining SI to values of
T > Tmax 10 (19) will not produce a solution that can perform
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better in terms of maximum achievable rate than Q. under
the power constraint Tr(Q") < 1.

We also note an upper bound on the number of channel
uses required to relay ¢ packets of size b bits based on the
codebook construction.

Lemma 3: The HD solution is an upper bound on the number
of channel uses required to relay ¢ packets across the relay
network.

Proof: Include Qo (a precoder that produces no SI) and Q,, ¥
in the codebooks at each relay, Q* for i = 1,..., N, and, at
each relay 2 through N — 1, include a precoder that produces
no IRI in the codebook. Then the optimal relaying policy, at
worst, will perform the same as a HD relaying scheme in
terms of channel uses, because a HD scheme is implicit in
the solution set. This is because the inclusion of one of the
aforementioned precoders in each codebook guarantees that
the capacity of each link is achievable since surrounding relays
can be configured to produce no SI/IRI, as would be possible
if a HD scheme were being utilized. l

Therefore, if we include the aforementioned precoders in
each relay’s codebook, we guarantee the solution of our
algorithm performs at least as well as HD, so that the latency
incurred by HD is indeed an upper bound of the latency
incurred in our algorithm. At relays 2 through N, a precoder
that does not produce IRI can be designed by solving (19)
except replacing the constraint Tr(G'Q‘G**) < 7 with
Tr(H**~1Q'H»*~1*) < 7 and evaluating at 7 = 0 .

B. State Space Reduction

Since card(Q);) is designed to be finite, card({{) is also finite.
However, the state space grows exponentially with respect to
card(/) as the number of channel uses increases if no state
space simplification is done. For example, if G(SOT uprer &)
is constructed as described at the beginning of this section,
without any sort of state pruning, card(Sy) = card(U)*. To
mitigate this complexity issue, we show how we distinguish
whether one state s, is optimal over another state sy, @ # ],
after k£ channel uses such that we may omit suboptimal states
to generate a reduced state space, S,’C’Ed', so that card(S,:ed') <
cardU)k.

1) st = ;- It may be that two distinct paths across
G(Sg veeer £) end in the same state after k& channel uses. In
such a case, if the cost of being at s}; is the same as the
cost of being at sf@, which they will have the same cost based
on our definition of cost in (12), then s}, and s) are equally
optimal and therefore one may be omitted arbitrarily. This is
an example of Bellman’s Principle of Optimality [33].

2) st # s7.: The following insight also follows from
Bellman’s Principle of Optimality: if there are two states on
a directed graph G (3{ vprer €3 describing an N relay system,
then if it holds that s¥ < s? , then s¥ is optimal in terms
of latency than s?. To see why this is the case, let b(s})
represent the current number of bits at the source and the
relays after k channel uses (noting that this does not include
the bits at the destination), where each entry of b(s.) can be
computed by b(s},)[n] = s}, [n + 1] — s}, [n]. Now suppose that
b(s})[n] = b(s})[n] for n > 2 and b(s},)[1] < b(s},)[1]. Then,

if it takes a minimum of m channel uses to get b(s)[1] bits
from the source to the destination (noting that the bits at the
relays must reach the destination before the bits at the source
due to causality), then it will take greater than m channel uses
to deliver b(s; )[1] bits to the destination. Hence, s}, is optimal
with respect to s7, in terms of latency.
Suppose now that b(sj,)[n] < b(s)[n] for any n > 2 and still
b(s;)[1] < b(s},)[1]. Then the minimum number of channel
uses to get b(st)[1] bits from the source to destination is less
than or equal to m, since the bits at the relay have to wait
for less bits at the relays to be delivered to the destination
first. Hence, s}, remains the optimal relative to s;. From the
perspective of the bit deficit, this corresponds to when s}, < S7.-
3) Further Simplifications: Noting that (19) is monotoni-
cally increasing in 7, we exploit this to reduce the state space
as we generate the new states. Let the current state under
inspection be s;. and again let the bits at the source and each
relay of sj, be represented by b(s7,). Since we established by
causality that we cannot send bits that have not already arrived
at the relay, the only precoders of interest at relay ¢ are those
precoders in the set

{Qe g T(Q < b))}

and
Q = arg min 7'(Q) : T(Q) = b(s})[n.
QeQ’

We are interested in the last precoder because it is the precoder
that allows sending all the bits at relay ¢ with the least amount
of interference generated. The former set of precoders allows
transmission with limited ST at the expense of the transmission
of only a portion of the bits at the relay. We denote this subset
of Q' as oL (s7.), and note that using any precoders Q € Q \
Q'(s]) simply generates extra SI while not providing any rate
gain at the 7th relay. Therefore, when generating Sp11, we
restrict the control actions connecting the s, to new states in

Siyp1 to U(s,) = Q" x Q' (s]) x ... x QN(s]).

C. Proposed Algorithm

With the notion of a precoder codebook and a method to
reduce state space dimensionality, we describe the proposed
algorithm in detail. For an NV relay system, given parameters
Gi, HY, ¢, and b, the algorithm is an iterative process to find
the policy 7(s7) = {u;,...,u:} that ends in the terminal state
in the fewest number of channel uses 7.

First, the codebook is constructed based on the channel and
the desired codebook dimensionality. For a desired card(Qi’),
a codebook at each relay transmitter is constructed by solving
(19), starting with 7 = Tr(G'Q,, sz‘*) and decreasing 7 until
7 = 0 in intervals such that the 7 values satisfy equally spaced
rate intervals from O to log [T+ Hi’iHwaHi’Hl* |. Next, the
initial parameters are set. We set the initial state to be sg =
(0, B,...,B), meaning that all of the information is at the
source node and neither the relays 'nor the destination have
received ar;y packets. From here, we construct the directed
graph G(S, """, ) on a per channel use basis, and terminate
when a finite-cost path terminates in s = (0,0, ...,0). That
is, beginning from so = (0, B,...,B), each u’ € U(so) is
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used to generate the next set of states after one channel use,
S1. Since each control action is an IV 4 1-tuple of precoders,
where each element represents the precoder to be used at the
source, relay 1, and so on, then the expression to generate
a new state s; 41 originating from si using a control action

ut = (Q,...,QN) cU(sk) is
Si—&-l[n] = SZ [n] = bra (S7i€ [n — 1])

where b, is the bits received at relay n after channel use
k + 1 which can be computed as

by (si[n — 1]) = min (znlmnl, Q"), b [siln— 11/5)

N+2
-3 sil)
t=n—+1
where 7"~ 1(Q""*, Q") is the maximum achievable rate from
relay n — 1 to relay n and b[s}[n —1]/b| — Zf;ﬁ_l si[t]
gives the bits at the n — 1th relay that are available to send
(those that have been decoded from a fully-received packet).
At this point, §; is reduced by removing all states s;, such
that sfg < s{C leaving a reduced state space S{Ed‘. Then, for
each s € S7%, each control action u’ € U(s.) is used to
generate the set of states after two channel uses S;, and the
process repeats. The algorithm ends when, after 7" iterations,
there exists a state st such that sy = (0,0,...,0). T reflects
the minimum number of channel uses required to relay the
¢ packets to the destination using the codebooks Q' that we
constructed. Further, the selection of precoders associated with
the arcs in G(Sg wrrer ) connecting sp to sk is the lowest
latency relaying policy given the constructed codebooks. The
algorithm is summarized in Algorithm 1.

VI. SIMULATION RESULTS

In this section, we simulate the dynamic programming
algorithm. We first test the performance of the algorithm for
the simple separated relay case, and then extend our results
to two and three relay systems where we use the traditional
infinite blocklength rate expressions in (14). Finally, we sub-
stitute finite blocklength expressions in our algorithm and
observe the performance degradation. In the simulations, we
normalize against 2Tj(f )lower (the HD bound since orthogonal
communication resources can be used). Thus the upper bound
on channel uses is 1 and the lower bound is 0.5.

A. Separated Relay: Channel Uses versus SI (1)

In this section, we compare the performance of our proposed
method compared to the channel uses required to relay the
packets using HD for a range of SI levels. We set N = 1,
which corresponds to a separated relay. We examine the cases
where fx:Mv}x:Mtlac:M;ix: 2’ fx:Mrlx:Mtlx:Mﬁx:
4,and M, =M} =M} =M¢2 = 8. The SNR at each link is set
to 10 dB, that is, p; = pg = 10, and the INR (7) is swept from
20 to 50 dB at the relay transmitter. It is assumed that H*!,
H"¢ and G' ~ CN(0,I). We test three sets of packet size
configurations, including the case where ¢ = 10 and b = 10
(equal number of packets and bits per packet), { = 25 and

Case:1=10,b =10
T
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Fig. 4. Average number of channel uses required to relay packets across
separated relay for 2, 4, and 8 antenna setups and ¢ = 10, b = 10.
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Fig. 5. Average number of channel uses required to relay packets across
separated relay for 2, 4, and 8 antenna setups and ¢ = 25, b = 4.

Case: 1 = 4, b = 25 (1 relay)
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Fig. 6. Average number of channel uses required to relay packets across
separated relay for 2, 4, and 8 antenna setups and £ = 4, b = 25.
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Algorithm 1: Finding Optimal Precoding Strategy

Initialize

s,1 N,d 2,1 N—-1,N 1 N
Bl BV H2 . H G',.... G,
pr7p17"'apNanlan27"'7nNaal7"'705N—17b7£;

Step 1 Generate finite set of precoder covariances at
each relay, Q' fori =1,...,N:
for 7=0— Tr (G'Q,;G"*) do
max Z'(Q)
Qeg= ¢ o
s.t. Tr(G'QG™) <7, Tr(Q) <1
end

if N > 1 then
For relays 2 through N — 1 replace

Tr(G'Q'G™*) < 7 with
Tr(HY~1QH~1*) < 7 in (19) and evaluate at
7 = 0. Add resulting precoder to relay codebook.

end

Step 2 Find lowest latency precoder sequence:

Set initial state sop = (0, B, ..., B), initial policy
m(sg) = {}, and M = 1 as initial number of states;

while s{, #0Vi=1,...,M do

Apply precoder covariances to each existing state
sy € Sk:

Initialize new state counter x = 0;

for Each si € Sy, do

Get reduced set of control actions I (s%)s

for Each u' € U(s$) do
Update state counter: z++;

Generate new state:
Sia[nl = sin] = by (sg[n —1]);
Record control actions for new state:
T (Si-s-l) = {7 (sf),u'};
end

end
Reduce State Space:
if s}, <57, i # j then
| Delete s;
end
Update the new current number of states: M = x;

end

Get optimal precoder sequence:

Find s, such that s} = 0;

Optimal sequence of precoders is (s} );

b = 4 (more packets of smaller size), and ¢/ = 4 and b = 25
(fewer packets of larger size). Finally, card(Q') = 10 at the
relay transmitter codebook and card(Q?®) = 1 (that is, it always
transmits using Q,, ; since it does not produce SI). We average
the results over 100 random channel realizations per antenna
regime, SI level, and packet size configuration.

We note that the performance of the algorithm, in general,
is in general slightly better for the { = 25 and b = 4 case,
and then slightly degrades with the increase of packet size
with the ¢ = 10 and b = 10 case slightly worse than the
f = 25 and b = 4 case, and the / = 4 and b = 25 case
performing the worst. In each case, the more antennas each

transmitter is equipped with, the lesser improvement there
is relative to HD. This could be due to the notion that the
capacity scales positively with more TX/RX antennas and so
the overall HD performance is better with more antennas. As
well, there is an expected performance degradation when 7
is increased since SI deteriorates IBFD relay performance. In
any case, there is performance gain when using the dynamic
precoding algorithm relative to HD, regardless of the self-
interference level n, which follows from Lemma 3 since the
HD precoding strategy is in the solution space. In any of the
packet size regimes, there is approximately a 20% to 40%
reduction in channel uses relative to HD, with the highest
reduction in channel uses in the 2 antenna case and lowest
INR. This suggests that our algorithm would be especially
beneficial in networks that contain smaller devices that have
limited numbers of antennas.

B. Extension to Multiple Relays

In this section, we demonstrate the extension of the
algorithm to N > 1 relays, showing the performance
of the algorithm for multiple relays. Specifically, we
show the performance of the algorithm for the case of
Mg =MZ =M} =M} =2 when there are 1, 2, and 3 relays. In
this simulation, we assume ¢ = 20 and b = 1, card(Q’) = 10,
card(Q?) = 1 (for the same reason as the previous subsection),
and H*!, H= 5, HYY H?Y H?? and G' ~ CN(0,1). It is
justifiable to assume that H*', H*? are not the reciprocal
channel of H"2 H?? since the RF chain of the transmitter
and receiver at each node are assumed to be separate. We
assume p; = pg = o; = 10 dB. For each simulation case, we
average the results over 100 random channel realizations.

Interestingly, the best performance gain relative to HD is
demonstrated in the single relay case, and then the perfor-
mance relative to HD diminishes (though a performance gain is
still observed in all cases). In general, the 1 relay, 2 relay, and
3 relay case demonstrates a 28 —33%, 21—23%, and 10— 15%
reduction in channel uses, respectively. This is potentially due
to the notion that in HD, data can still be sent across non-
adjacent hops without interference occurring in the N > 1
cases but also because in the NV > 1 relays, there is ISI present
on top of SI. For example, in the 2 relay case, data can be
sent across the first and third hop simultaneously without the
first relay receiver experiencing interference from the second
relay transmitter by assumption of the system model. In each
of the cases, there is performance gain observed over HD,
but it is much less dramatic than the N = 1 case, indicating
that our algorithm may be especially useful in networks with
fewer hops such as shorter range M2M networks. Regardless,
a performance gain would still be observed for multiple relay
systems such as rural wireless backhaul.

C. Effect of Short Packet Capacity Expressions

In this section, we show the performance difference of
our relaying scheme when using finite blocklength capacity
expressions for various decoding error probabilities € [9]. For
the simulation results in Sections VI-A and VI-B, the capacity
expression in (15) was used to model the achievable rate of
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Fig. 7. Average number of channel uses required to relay packets across 1,
2, 3 relays for 2 antenna setups and £ = 20, b = 1.

the channels, which assumes asymptotically large blocklength.
In this simulation, we still design the codebook using the opti-
mization problem in (19) with infinite blocklength expressions.
However, when solving the shortest path problem as outlined
in Algorithm 1, we model the channel using finite blocklength
expressions and observe the performance loss of the algorithm.
The non-asymptotic achievable rate for the parallel AWGN
channel the rate is given by [34] [Thm. 78]

R*(n,e) = CL(P) — \/VL(P)/nQ () + O (10511)

(20)
where
LW,
CL(P)=>_C (02> 1)
i=1 ?
and
Wi
Vi(P) =)V (gg) (22)

i=1

where Vi, and Cp are the capacity and dispersion of the
AWGN channels, respectively, W; is the power allocation for
the ith parallel channel, o7 is the noise power of the ith parallel
channel, and ¢ is the average desired error probability. In the
simulation we approximate the remainder terms with normal
approximation [2], [34].

We fit our model into the above expressions as so. Note that
for any fixed QZ and Q7 , we have that the mutual information
is given by

79 (Q, QF) = log |1+ pHYQLHY* (%) |

and note that (¥;) = R*R given by the Cholesky decompo-
sition so then (¥7)~' = R™'(R*)~!. Hence

79 (Q},, Q}) = log [T+ p; (R") ' H/Q{H/*R™"|

= log I+ p,((R") ' HYF}) (R™")'HYF})"

which can be diagonalized and expressed as
77 (Qi,Q)) = Y log(1 +p;2)
t

where ), is the tth singular value of ((R*)"'HYF%,). Referring
back to (20), CL(P) = Y ,log(1l + p;A?) and Vi (P) =
Dok % log2 e [34]. Given an expression to compute
the finite tblocklength capacity of the channel, we may now
compute the performance of our algorithm using (20).

In our simulation, we assume that ¢ = 10~° and 10~3 and
that { = b =10, N = 1, p; = pg = 10 dB, card(Q%) = 10,
card(Q®) = 1 as before, and H*', H", and G* ~ CN(0,1).
We also assume that M7 =M% =M} =M} =2. We average the
results over 100 random channel realizations for each SI value
and ¢ value.

Relative to HD, it can be seen that the algorithm per-
formance is slightly worse when the simulations use short
packet expressions than when asymptotic blocklength capacity
expressions are used, with the worst performance degradation
observed with the lowest target decoding error probability
¢ = 107°. In any case, the performance degradation relative to
HD is remarkably mild. Indeed, when ¢ = 1073, the algorithm
performs approximately 1 — 1.5% worse relative to HD than
when the achievable rate of the channels is modeled with
asymptotic blocklength expressions, and when & = 10°, the
algorithm performs approximately 1 — 2% worse relative to
HD than when the achievable rate of the channels is modeled
with asymptotic blocklength expressions. This suggests that a
codebook design using asymptotic capacity expressions such
as presented in (19) will still yield a 30 — 33% channel use
reduction compared to using a HD relaying scheme.

Case:1=10,b =10
T T T T
-=#-2 TX/RX Antennas, 1 Relays (FD)
-2 TX/RX Antennas (FD and SP), epsilon = 10|
—>¢ 2 TX/RX Antennas (FD and SP), epsilon = 1073
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Fig. 8. Average number of channel uses required to relay packets across one
relay with 2 antenna setups and £ = 10, b = 10, where SP stands for Short
Packet capacity expressions.

VII. CONCLUSION

In this manuscript, we framed the task of precoding for
low-latency communication as a shortest path problem. We
presented an iterative dynamic programming based algorithm
for determining the lowest-latency selection of precoders at the
source and relay transmitters for an N separated relay system
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on a per channel uses basis, allowing for a more flexible
precoder selection than previous works. Our simulation results
show the best performance improvement for the case of 2
antennas and 1 relay, whereas increasing relays and antennas
still exhibits performance gains but in diminishing proportion
to HD. This seems to suggest that the presented algorithm
would be best suited for devices limited in antennas and
for shorter range M2M systems, though a performance gain
would still be observed for longer range systems such as rural
wireless backhaul. Our simulation results also show that our
algorithm and presented codebook design would still offer
~ 30% reduction in channel uses relative to HD when we
model the channel with short packet capacity expressions.

This work offers numerous interesting future research direc-
tions. For example, this work assumes a fixed packet size, but
an extension that would allow dynamic packet sizing would
be useful for practical systems. This algorithm also does not
scale well with large N in that the state space may grow
prohibitively large even given the heuristic simplifications
presented. In cases such as simple integrated access and
backhaul (IAB) with two hops or frugal-networks aimed at
bringing rural access with constraints on number of relay
nodes, it may not be necessary to scale with large N [35]-
[37]. In other cases, further complexity reduction without
greatly sacrificing algorithm performance is a valuable future
direction. Additionally, this work takes a centralized approach
in finding the lowest-latency precoding policy across an N
separated relay network. That is, the computer solving the
optimization problem is assumed to know all of the propa-
gation channels along the NV relay system. In the future, it
may be interesting to devise a decentralized algorithm where
each node selects the precoder with limited knowledge of
the other nodes’ channels. Though our algorithm may fare
well in situations where wireless rural backhaul, some urban
backhaul deployments, and static sensor network deployments
will have longer channel coherence times and thus have more
reliable channel state information tracking, scenarios where
relay nodes may be moving quickly may necessitate a more
efficient codebook optimization problem than (19) .

APPENDIX A
PROOF OF LEMMA 1

We prove by induction the lower bound on 7" for N relays
and ¢ packets, given by T](\?lower, as discussed in Lemma 1.
Assume that once a packet has arrived at a given relay, it
immediately begins transmission to the next relay as long as
another packet is not also transmitting to the next relay (in
other words, there is no processing delay and the source of
delay in this system results only from waiting for prior packets

to complete transmission).

A. One Relay Base Case

We consider first the simple case of lower bounding the
channel uses required to relay ¢ packets through one relay to
the destination. Clearly, the first packet traverses the first hop
in ¢*! channel uses and the second hop in ¢"'¢ channel uses.
Therefore, packet 1 arrives at the destination in g5l 4 pld

channel uses. Packet two must wait ¢! channel uses before
it can traverse the first hop because it must wait for packet 1
to complete transmission. After 2¢%'! channel uses, packet 2
arrives at the first relay.

Now we observe two cases: t>1 > 1@ or ¢51 < thd If
t>1 > ¢1d  then packet 1 will have already arrived at the
destination by time packet 2 arrives at relay 2, and, thus, packet
2 may immediately begin transmission across the second hop.
Packet 2 arrives at the destination in 2¢5! 4 t%¢ channel uses.
However, if ¢! < t14, then packet 2 must wait (t¢ 4+¢51) —
2t%1 = ¢4 — ¢51 channel uses before it can transmit across
the second hop. Thus, packet 2 arrives at the destination in

#514-2¢4 channel uses. We can write 7.2 more generally
as

e

Liower = 71+ 19+ max{t b (23)
Then we see that for ¢ packets we have that it takes the /(th
packet £t*1 channel uses to reach the first relay. Again, if
1 > ¢1d4  then the ¢ — 1 previous (packets will have already
arrived at the destination, hence, Tle) = (51 4+ 54, For
the case t*1 < t19, we have that T\ = ¢t=1 4 ¢1d 4
(Tfjolwer — (t*1) where the last grouping of terms is the
channel uses the ¢th packet must wait before it can begin
transmission to the destination. Hence

Jower

T er = "+ T 0,
=t (=3 T,
= ths ot

Therefore, for the separated relay, we have

7®

Liower = t0F 07+ (0= D)y max{t>', t5"}. (24

B. N Relay, ¢ Packet Lower Bound

Now we generalize to N relays where we will use (24) as
the base case for the following inductive argument. Suppose
the channel uses required for ¢ packets to reach the nth relay
in full through n — 1 relays is given by

— ts,l 4 t1’2 N tn—l,n
+ (£ — D) max{t> t12 .. nhbny (25)
Then, it follows that the channel uses required for ¢ packets
to reach the n + 1th relay through n relays is given by

T =l b2y gt

n,lower

+ (£ — V) max{tst 12 . ¢ty (26)
To see why this is, note that by hypothesis packet ¢ arrives at
relay n in full in Tff_)l lower Channel uses. Likewise, packet
£ — 1 arrives at relay n + 1 in full in Tgl;i))er channel uses.
We observe two cases: 1) packet ¢ — 1 has arrived in full at
relay n + 1 by the time packet ¢ has arrived in full at relay
n or 2) packet { — 1 has NOT arrived in full at relay n + 1
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by the time packet ¢ has arrived in full at relay n. In the first
case, it follows that

Tr(fl;iu)er < Trgejl,lower
— " (0= 2) max{tS, ... T
< (0= 1D)max{t>t 12, . ¢ bn
= " <max{tSt B2 T (27)

Since the ¢th packet does not have to wait for the ¢ — 1th
packet to transmit to the n + 1th relay, we have that

0 — gnontl 4 T,SZ)

n,lower —1,lower
_ ts’l + t1’2 4+ tn,n-‘rl
+ (£ — 1) max{t>t 12, .. ¢n by
— ts,l + tl"2 4+ tn,n+1

+ (€ — V) max{t>t 52 vt (28)
where the last equality comes from (27).
In the second case, it follows that
(¢-1) (0)
Tn,lower > Tn—l,lower
— nntl 4 (L —2) maux{ts’l7 ... ,t”’”“}
> (0 — 1) max{t> 92, .. ¢ bn)
— " = max{t®!, T (29)
Further, packet 2 must wait 7, " 7" hannel
, packet 2 must wait T, - =T, ;... channel uses

before it can begin transmission to the n + 1th relay. Hence,
for the second case

0 _ (&) (e-1) 0 n,n+1

Tn,lower - Tnfl,lower + (Tn,lower - Tnfl,lower) +1 *
_ ts,l 4 t1,2 4+ tn,n-i—l
+ (¢ — 1) max{t>! 2 . ¢ty
since ™" = max{t*1,¢12 ... ") by (29). Therefore,
we have proved (25) implies (26).

Since we showed (25) was true for the base case N =1
relays in (24), it follows the channel uses required for ¢ packets
to reach the destination through N relays is given by
=t b2 L 4V

+ (£ — 1) max{t>!, ¢12 . ¢4

T

Jlower

which is the desired result. Il
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