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to the destination. The energy spent on these links is wasteful
and increases interference to other nearby networks.
(ii) To account for inaccuracies in local oscillators, cooperative
communication requires implementations to dedicate significant resources to time and frequency synchronization and this
scales with the number of simultaneous transmitters [9].

Abstract—Ultra-reliable, low-latency wireless communication
is essential to enable critical and interactive applications. The
cooperative communication schemes for such ultra-reliable communication must harvest multi-user diversity to achieve their
specifications. The underlying low-latency space-time codes for
a large number of users (> 10) place burdens on practical
implementations due to the large number of simultaneous relays
they must use. To address this, we propose an adaptive relay
selection technique that selects a small set of good relays, instead
of using every available radio to relay. Using our simple relayselection schemes, we can support a network with 30 nodes
requiring system failure probability under 10−9 and 2ms latency
with only 3 simultaneously active relays per message. In contrast,
in the absence of adaptive relay selection, we must rely on 13
relays to achieve the same reliability.
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To arrive at such relay selection schemes, we revisit the
fading dynamics of wireless channels in the context of ultra-high
reliability. Contrary to what has been claimed in the literature, we
find that standard Rayleigh fading processes are not bandlimited.
However, these fading processes are fairly predictable on the short
time scales of the regime of interest.
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Fig. 1: After estimating channels, relays are selected and informed
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of their selection. During the time between channel estimation and
the relays transmitting, the channels may change.

B. The need to revisit channel dynamics

I NTRODUCTION

One way to address the issue of having a large number
of relays simultaneously transmitting is by selecting the relays
that are good – those that will have a high SNR channel to
the destination(s) during the relaying phase. Relay selection
schemes have been extensively studied, but these schemes
traditionally assume that the channels remain precisely the
same from the last channel measurement to when they actually
relay. Most studies focus on the decoding error at the receiver
based on current channel coefficients [10]. Let’s consider
using these relay selection schemes without taking channel
dynamics into account. If we assume that a channel might
change significantly in a millisecond with probability 10%,
then to achieve a reliability of 10−9 , we will need to choose at
least 9 relays to be robust to these potential channel changes.
This is an improvement over the 13 relays required if they
are chosen blindly, but it is still a large number of nodes to
have simultaneously transmitting. However, if fading channel
dynamics are stable enough to predict channel quality more
reliably (say an error rate of at most 10−3 ), then we could
rely on fewer relays.

Some of the most exciting and challenging IoT applications
(e.g. vehicle platooning, exoskeletons for healthcare, and smart
factories [1]) demand ultra-reliable, low-latency communication (URLLC). In these applications, networks ranging in size
from 10 to 100 nodes require short packets (10 to 50 bytes)
to be exchanged with latencies on the order of 1ms and
system error rates under 10−9 . It is understood that getting
wireless errors below 10−5 to 10−6 is challenging [2]–[4].
Time-diversity based schemes violate latency requirements
and frequency-diversity based schemes are grossly inefficient.
It has been shown that cooperative communication based
relaying schemes are a good fit for these applications because
multi-user diversity can provide ultra-high reliability while
meeting the latency requirements at moderate SNR [5], [6].
A. The need for relay selection
Since it takes too long to take turns, employing simultaneous relaying with a distributed space-time-code (DSTC)
is essential [7]. However, if we non-adaptively restrict the
number of relays that may simultaneously transmit, then the
minimum SNR required to meet the reliability demand grows
tremendously – restricting the maximum number of relays
to 5 increases the operating SNR by 15dB (Fig. 4 in [8]).
To have a moderate nominal SNR, we need 13 or more
simultaneous relays for moderate network sizes of > 20.
Employing simultaneous relaying of 13 or more nodes is bad
for the following reasonings:
(i) Not all nodes that participate in relaying have good channels

To facilitate such predictions, we must solve a few important challenges. We only have potential relay’s channel coefficient measurements for a certain period of time. Based on these
channel coefficient measurements, we decide which nodes(s)
to nominate as relays and disseminate that information. The
node actually relays at a future time. In the time between the
last channel coefficient measurement of the relay and actual
relaying, the channel may change (potentially adversely) as
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illustrated in Fig. 1. But how do wireless channels change
and how fast? Can channels be reliably predicted based on
past channel realizations? If so, for what future horizons and
at what reliability? To answer these questions we need to
understand how wireless channels fundamentally change.
To predict channel quality reliably, we need to to revisit
some well-established concepts:
(i) Coherence time is defined in the literature as the duration over which a wireless channel does not change significantly [11]. Is this time an average duration or a tail bound?
What does coherence time look like as a random process?
(ii) Channel fading process is traditionally modeled as a bandlimited process [12]. However, our analysis and simulations
of channel fading dynamics show that this is not the case for
Rayleigh-type channels.
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Fig. 2: Simulated absolute value of the cross-covariance of the fading
process for fc = 3GHz. The curves are exactly as predicted by Eq. 5
even for a small number of scatterers n = 2.

by Eq. (1) captures the small-scale variations that we are
interested in, where the nodes are moving at a reasonable
speed but for small amounts of time (in ms). The knowledge
of channel variations at millisecond scales can then help
us build relay selectors that can pick the right relay(s) for
each message stream. The channel coefficient at any point in
time is marginally distributed as a complex normal (as the
CLT suggests for the expression in Eq. (1)), and the channel
coefficient process can be modeled as a Gaussian process. The
parameters that we need to define the Gaussian process are
the means and the covariance functions which depend on the
distance between the positions of the receiver. We assume that
the velocity ~v of the receiver is constant over the time durations
that we are interested in such that the position of the receiver
at time t is given by

An analysis of wireless channel dynamics to provide
evidence that fading processes are not bandlimited.
A redefinition of coherence time as the time for which a
channel is predictable to a required fidelity.
An analysis of the relay-selection error based on channel
dynamics.
A simple relay-selection scheme that can support a network with 30 nodes requiring system failure probability
under 10−9 and 2ms latency with at most 3 simultaneously active relay nodes per message as opposed to
needing > 10 simultaneously active relays [8].
II.
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The main contributions of this paper are:
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C HANNEL M ODELS

~s(t) = s~0 + ~v t = (x0 + vt cos φ, y0 + vt sin φ)

We consider a Rayleigh-fading model for wireless channel
between a transmitter and receiver pair. Rayleigh-faded channels have traditionally been modeled as coming from sum-ofsinusoids like in Jakes’s model [13]. We revisit the dynamics
of Rayleigh faded channels and challenge the concept that the
channel fading dynamics are fundamentally bandlimited if the
motions have bounded speed. We consider only the effects of
multipath as we focus on the variations at small timescales as
is traditional.

(2)

where s~0 = (x0 , y0 ) is the initial position of the receiver at
time t = 0 (uniformly distributed in the room), φ is the angle
of motion of the receiver with respect to the x-axis (uniformly
distributed over [0, 2π)). Let the position of scatterer i be given
by s~i = (xi , yi ). The distance of the receiver from scatterer i
at time t is given by
(Rx)

(t) = k~s(t) − s~i k
p
= (x0 + vt cos φ − xi )2 + (y0 + vt sin φ − yi )2
q
(Rx)
(Rx)
= di (0)2 + (vt)2 + 2vtdi (0)(cos θi cos φ + sin θi sin φ)
q
(Rx)
(Rx)
= di (0)2 + (vt)2 + 2vtdi (0) cos (θi − φ)
(3)

di

Consider a two-dimensional room with n static scatterers
distributed uniformly at random. Let there be a static singleantenna transmitter in the middle of the room and a singleantenna mobile receiver moving at a constant speed v in
some random direction inside the room. Let the transmitter
be transmitting a tone at frequency fc (wavelength λc ). The
channel coefficient between the transmitter and the receiver at
any time t is given by
!
n
(Rx)
(Tx)
1 X
2π(di (t) + di )
h(t) = √
exp j
(1)
λc
n i=1

(Rx)

where di (0) is the distance of the receiver from the scatterer
i at time t = 0 and θi is the angle made by the line joining the
scatterer and the receiver at time t = 0 which is independent of
φ. We are interested in the cross-covariance k(v, t) of the inphase and quadrature components as a function of speed v and
time t. To calculate that, we look at k̃(v, t) = E[h(t)h∗ (0)] =
2k(v, t). We have,

(Rx)

where, di (t) is the distance of the scatterer i from the
(Tx)
receiver at time t and di is the distance of the scatter i from
the transmitter (both the transmitter and scatter are assumed
to not be moving for simplicity). Eq. (1) follows from [14].
A. Channel variation as a Gaussian process

k̃(v, t) = E[h(t)h∗ (0)]
" n


X
1
2π  (Rx)
(Rx)
= E
exp j
di (t) − di (0)
n
λc
i=1
#


X
2π  (Rx)
(Rx)
(Tx)
(Tx)
+
exp j
di (t) − dj (0) + di − dj
λc

We want to understand how channels between a pair of
antennas vary as one (or both) antennas move while the
environment remains largely stationary. The model depicted

i6=j

2

Bandwidth of fading process (Hz)

(Rx)

(Rx)

As di (t) and dj (0) are independent for i 6= j and
the scatterers are distributed uniformly across the room, the
expectation of the second term in the above equation is 0.
Hence,



2π  (Rx)
(Rx)
k̃(v, t) = E exp j
di (t) − di (0)
.
(4)
λc
Substituting, Eq. (3) in Eq. (4), for small movements ( dvti ≈ 0),
the covariance function is given by


2π
k̃(v, t) = J0
vt ,
(5)
λc
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Traditionally, the bandwidth of a process has been characterized through the amount of energy in it. Fig. 4 plots the
bandwidth that contains 99%, 99.9% and 99.99% of the energy
for various node speeds for center frequency fc = 3GHz.
We see the expected linear scaling with speed but we also
see the increase in bandwidth with increasing energy content.
We can infer from this figure that we need a high sampling
rate to get high prediction accuracy for the process. Because
we are sampling a non-bandlimited process2 , the amount of
energy captured in a given bandwidth determines the fidelity
of prediction.
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Fig. 4: Bandwidth around the center frequency which captures 99%,
99.9% and 99.99% of the energy of the fading process as a function
of node speed

B. Bandwidth of fading processes
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where J0 (·) is the Bessel function of the first kind as also
derived in [12]. Fig. 2 shows the simulated absolute value
of the expected cross-covariance of the fading process as a
function of distance and this exactly matches Eq. (5).
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C HANNEL Q UALITY & R ELAY S ELECTION

So far we have explored channel dynamics to understand
how they behave at a finer detail. In this section, we describe
how to use the proposed channel dynamics model to predict
channel coefficients. We use this to redefine coherence time
and to arrive at a lower bound for the error in selecting the best
relay. Then, we will give a simple scheme for relay selection.

Fig. 3: One-sided PSD of the fading process for fc = 3GHz
The spectral density of the covariance function of the
fading process has indeed been looked at in studies like [12],
[13], [15]. However, they make an essential assumption:
that the power spectrum is bowl shaped and the contribution of frequencies higher than the perceived maximum
frequency is zero – essentially, the fading process is bandlimited. The unilateral
√ Laplace transform of the Bessel function
(L(J0 (x)) = 1/ 1 + s2 ) has poles on the imaginary axis.
Therefore, the Fourier transform gets tricky – how do we deal
with these poles? Studies so far (such as [12], [13], [15]) seem
to have elected to restrict the Fourier transform of the Bessel
function until the maximum Doppler shift (i.e., v/λc ), possibly
to address these poles. However, our simulations showed that
the fading process has energy beyond the perceived maximum
doppler shift. This surprising discovery was also supported by
looking numerically directly at the Bessel function1 . This is
especially relevant given that we are interested in rare events
and predictability.

A. Channel Prediction
We want to pick a small set of relays instead of having
a large number of nodes simultaneously transmit. What is the
best prediction for the channel coefficient at a future time given
the knowledge of past channel coefficients? We assume the
following:

Figure. 3 plots the one-sided power spectral density of the
fading process, for center frequency fc = 3GHz (obtained
through simulations). We do see the bowl shape that is traditionally expected until spatial frequency of 10/m (corresponding to the maximum Doppler frequency) but it clearly doesn’t
die down to 0 immediately beyond the maximum Doppler
frequency, instead decaying at the rate of 20dB per decade.

•

The source node picks relays and has knowledge of the
past channel coefficients between the source-relay and
relay-destination.

•

The source knows the speed v at which it is moving,
therefore it knows how far it will travel in a given time.

•

The node also has knowledge of channel statistics, e.g.
the covariance function of the fading process.

Consider the channel between the source and a relay. The
source has knowledge of past channel coefficients ~h =
2 The question of whether multipath fading is bandlimited also has
information-theoretic consequences. Non-bandlimited fading processes were
studied in [16] and the capacity was found to scale as log log SNR (as
opposed to log SNR for bandlimited fading processes), showing a fundamental
difference between non-bandlimited and band-limited fading.

1 We have uploaded a Jupyter notebook showing that the Bessel function
is not bandlimited at https://github.com/grebe/besselpsd. This
interactive notebook lets you vary different parameters.
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T
T
[h1 h2 . . . hm ] from times ~t = [t1 t2 . . . tm ] . We
want to find the distribution of hm+1 at time tm+1 conditioned
on ~t and ~h. We assume that the channel coefficient variation
is a Gaussian process, and use simple linear estimation. We
assume that {~h, hm+1 } form a multivariate normal and the
distribution of hm+1 conditioned on ~h is a complex normal
distribution. Let


k(v, t1 − t1 ) k(v, t2 − t1 ) . . . k(v, tm − t1 )
 k(v, t2 − t1 ) k(v, t2 − t2 ) . . . k(v, tm − t2 ) 

K=
..
..
..
..


.
.
.
.

k(v, tm − t1 ) k(v, tm − t2 ) . . .

guarantees on worst-case performance which challenges the
traditional notion of coherence time/distance. To this end, we
propose a more nuanced notion of coherence time or
distance: the time or distance over which a channel is
predictable with a given reliability.
Fig. 5 essentially shows the distribution of coherence
distance (in units of wavelengths) for a single channel. This
was obtained by considering error in predicting a channel
(distributed as Eq. (8)) to be good or bad when operating
at nominal SNRs of 5 and 10dB. We see that the prediction
is incorrect about 0.2% of the time even when the node has
1 th
moved only 100
of the wavelength. In fact, the rule-of-thumb
is that for every order of magnitude in distance, the probability
of error goes up by about 1.5 orders. It plateaus around the
unconditional outage probability which is what one would
expect if a node travels sufficiently far – to have little channel
correlation from where it began. We observe that if nodes are
moving at 10m/s and the future horizon is 1ms (corresponding
to 10mm distance), then for center frequency of 3GHz, a
channel would be incorrectly perceived about 0.1% (or 10−3 )
of the time. This suggests that one would need to nominate 3
relays to have enough redundancy to account for the channel
prediction error to achieve an overall error probability of 10−9 .

k(v, tm − tm )

be the covariance matrix corresponding to the times of observations so far. Let
K∗ = [k(v, tm+1 − t1 ) . . .

k(v, tm+1 − tm )]

be the covariance matrix corresponding to the future time
of interest and the times of observations so far. Also, let
K∗∗ = [k(v, tm+1 − tm+1 )]. Let ~hI = Re{~h} be the vector of
the in-phase components of ~h and ~hQ = Im{~h} be the vector
of the quadrature components of ~h. Then, the mean of the
distribution of the in-phase µI and the quadrature component
µQ of hm+1 conditioned on ~t and ~h is given by
µI = K∗ K−1~hI ,

µQ = K∗ K−1~hQ .

C. Relay Quality

(6)

For a relay to be a good relay, two different channels
(source-relay hsr and destination-relay hdr channels) have to
be good at the future time when the node relays. We define
the badness br of a relay r as the probability that either |h|2sr
or |h|2dr is not a good channel. Since |h|2sr ∼ Rice(νsr , σsr ),
the probability that the energy
 is less than the threshold γ
γ
is Fsr = 1 − Q1 σνsr
,
where Q1 is the Marcum Qσsr
sr
function [17]. The same is true for hdr . Therefore, the badness
of a relay r is given by

br = P (min |h|2sr , |h|2dr < γ) = Fsr + Fdr − Fsr · Fdr . (9)

The variance of both the in-phase and quadrature components
is given by
σ 2 = K∗∗ − K∗ K−1 K∗ T .
(7)
The quality of a channel is captured by the energy (|h|2 ) in it.
The distribution of the energy |hm+1 |2 is given by
|hm+1 |2 ∼ Rice(ν, σ)

(8)

where Rice(ν, σ) is the
q Rician distribution with parameters ν
and σ given by ν = µ2I + µ2Q , and σ is given by Eq. (7).

Given a choice of k independent relays (numbered 1 to k),
the probability that the best relay is not good enough is lower
bounded by plower , which is given by,
plower = min (b1 , b2 , . . . , bk ).

(10)

The main variables that determine the value of plower as
defined in Eq. (10) are, 1) the sampling frequency, 2) the
future horizon, 3) the number of potential relays to choose
from (k), and 4) the nominal SNR and the rate of transmission
(they together determine the threshold γ). Fig. 6 shows the
effect of sampling frequency and future horizon. Consider the
solid set of curves for k = 9. We see that prediction error
for nearer future horizons (under 3ms) for sampling frequency
of 1kHz – which is about the bandwidth containing 99.99%
fading process energy for nodes moving at a speed of at most
10m/s, is excellent (< 10−4 ). This suggests that nominating at
most 2 relays would be sufficient to achieve reliability of 10−9 .
As the future horizon increases, the prediction error quickly
degrades to the unconditional outage probability, which is the
error probability if a random relay is picked without any prior
knowledge. We also see that the performance when we sample
at lower frequencies (400Hz or lower) is bad and cannot be
used in practice. Similar findings hold true for k = 4 nodes.

Fig. 5: The probability of channel quality misprediction as a function
of how far the node has moved (at 10m/s) since the last channel
measurement. This figure was obtained for a sampling frequency of
1kHz, and nominal SNRs 5 and 10dB.

B. Redefining Coherence Time/Distance
Coherence time or distance has traditionally been thought
of as the time or distance over which the channel stays
constant, which is a good rule of thumb for cellular systems
that focus on average performance. However, URLLC requires
4
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non-bandlimited fading process model to redefine coherence
time and distance as the horizon for which a channel is
predictable with a given fidelity. We formulated a framework
for relay-selection based on modeling the channel dynamics
as a Gaussian process and see that the error in selecting the
best relay crucially depends on sampling frequency and future
horizon. Our simple, practical, prediction-based relay selection
scheme is 10x better than schemes that do not try to predict
and just trust the traditional perspective on coherence time.
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Fig. 6: Probability of best relay not being good enough for varying
sampling frequency and future horizons. The model order is 3, the
number of relays to choose from is k = 9 (solid curves) and k = 4
(dotted curves), nodes are moving in a random direction at speed
10m/s, nominal SNR is 5dB and the center frequency is fc = 3GHz.
The traditional coherence time for a radio moving at these parameters
is 2.5ms (corresponding to moving λ/4 at 10m/s) which is marked
on the plot.
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