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Abstract—Cooperative communication to extract multi-user
diversity and network coding are two ideas for improving wireless
protocols. These ideas can be exploited to design protocols for
low-latency high-reliability communication for control. Given
the high-performance constraints for this communication, it is
critical, to understand how sensitive such protocols are to mod-
eling assumptions. We examine the impact of channel reciprocity,
quasi-static fading, and the spatial independence of channel fades
in this paper.

This paper uses simple models to explore the performance
sensitivity to assumptions. It turns out that wireless network-
coding is moderately sensitive to channel reciprocity and non-
reciprocity costs about 2dB SNR. The loss of the quasi-static
fading assumption has a similar cost for the network coding based
protocol but has a negligible effect on the protocol that doesn’t
use network coding. The real sensitivity of cooperative commu-
nication protocols is to the spatial independence assumptions.
Capping the amount of independence to a small number degrades
performance but perhaps more surprisingly, a simple Gilbert-
Elliott-inspired model shows that having a random amount of
independence can also severely impact performance.

Index Terms—Cooperative communication, low-latency, high-
reliability wireless, network coding, spatial diversity

I. INTRODUCTION

How will real-world cooperative-communication systems
behave when idealized assumptions break down? This paper
studies the impact of common channel modeling assump-
tions on the performance of two cooperative communication
schemes — one using network coding (the XOR-protocol) and
the one without network coding (the CoW-protocol). These
are described in further detail in section

These protocols combine descendants of Laneman et al.’s
approaches to multiuser diversity [1] with wireless network
coding [2], [3]. Multiuser diversity protocols use coopera-
tion among distributed nodes to provide multi-antenna-style
diversity without the need for physical arrays. Wireless net-
work coding improves latency and throughput by effectively
reducing the number of packet transmissions. The relays
transmit linear combinations of messages and receivers use
prior knowledge of one of the messages to decode the other
one.

Such techniques are traditionally studied under a set of
standard modeling assumptions: (a) channel reciprocity (b)
quasi-static fading (c) spatially independent fading. To explore
the impact of each of these assumptions, we choose a setting
where cooperative-communication seems to offer some signif-
icant advantages: highly-reliable low-latency communication.
In particular, we study protocols that we proposed in earlier

work [4]], [5]] that target performance specifications inspired by
wireless industrial control [6], [7] (10~ probability of outage,
2 ms cycle time, and 0.25 bits/sec/Hz aggregate spectral effi-
ciency). Diversity asymptotics might be practically important
for high-reliability, hence this setting is of interest. Within
this setting, this paper challenges the three main modeling
assumptions to see which is truly important.

(a) No channel reciprocity: what happens when the fading
coefficient of a link in one direction is independent of the
fading coefficient of the link in the other direction? We find
this diminishes the number of opportunities for useful network
coding at the relays, costing about 2dB in SNR for the XOR-
protocol. For the CoW-protocol, the effect of non-reciprocal
channels is minimal.

(b) Non-quasi-static channels: we consider a setup in which
channel fading coefficients can change anytime during a single
cycle of the protocol but only one change is permitted per
channel. For the CoW-protocol this has a negligible effect. For
the XOR-protocol, the effect of this is like losing reciprocity.

(c) Non-i.i.d. channels: what if k£ potential relays do not
automatically give us k independently faded links? Since this
multiuser diversity is critical to achieving a probability of
outage of 1079, limiting independence turns out to be very
significant and so we consider two different models. First,
we consider a simple “diversity-cap” model where we limit
the number of independent paths. This shows that capping
diversity at 5 independent paths has a significant effect and
raises the required SNR by close to 10dB. Second, we try a
model for spatial fading that is loosely inspired by Gilbert-
Elliott models for temporal fading: in this each “additional
relay” has a probability ¢ to bring a fresh independently faded
channel but a probability 1 — ¢ of just giving us the same fade
again. Here, we see that unless ¢ is large, the SNR penalty
could be quite large (in the tens of dB) for moderate-sized
networks. This final observation tells us that the details of how
multi-path fading is spatially independent really do matter if
cooperative-communication protocols are going to be practical,
but the other standard assumptions are probably safe to make.

In this paper we focus on the main results and discuss the
implications. The details of the protocol analysis is presented
in an appendix to this paper in [§]].

II. PRIOR WORK

Laneman et al. showed that cooperation amongst distributed
antennas can provide full diversity without the need for



physical arrays [1]. Multi-user cooperation increases capacity
even with noisy inter-user channels and that it is robust to
channel variations [9]]. This field saw an explosion in research,
see [[10]—[14] for just a smattering of the hundreds of papers
in this field. Multiple-antennas are the main reason for the
underlying boost in performance [15].

The work of Ahlswede et al. [3] made it apparent that
network coding can improve throughput in wireless protocols
(see [2] for a tutorial). Polynomial time algorithms to make
network coding suitable for real-time applications have been
studied in [[16], [[17]. Katti et al. implemented a coding layer
in between the IP and MAC layers to improve throughput
showing network coding’s practicality [18]].

Many of the protocols studied above were developed under
idealized channel assumptions and the effect of some of these
assumptions have also been studied. For instance, the physical
limitations on radios in cooperative communication settings
and non-ergodic and delay-constrained channels were explored
in [[1]. Non-reciprocity of channels was explored in [[19] where
it was found that the rate-regions of two-way relay networks
shrinks when the channels are non-reciprocal. However, non-
reciprocity of inter-user channels was found to have no effect
on the diversity order of cooperative schemes [20]. The effect
of channel estimation errors and non-quasi-static channels on
behavior of space-time codes was studied in [21] where they
showed that the diversity order achieved by space-time codes
is unchanged under a variety of mobility conditions.

The physical limits on MIMO gains, especially multiplexing
gains, have been explored with sophisticated modeling. These
models challenge the very optimistic linear scaling with the
number of antennas that were in very early work [22[]-[24].
The nature of the propagation environment really matters. The
limits to earlier optimistic scaling analyses in the finite-SNR
regime [25]] as well as in the context of practical systems [26]
have also begun to be explored. Recent works have studied
the effect of transceiver limitations where they show that
MIMP channels with transciever limitations have a finite upper
capacity limit, for any channel distribution and SNR [27].

Measurements have confirmed theoretical scepticism of
aggressive independence models — multipaths indeed seem
to be limited [28]]. Molisch et al. [29] experimentally studied
MIMO systems in different physical settings and extracted a
radio channel parameterization that can determine the CDF
of the capacity. They also provide a great survey of how dif-
ferent fading assumptions have been studied in the literature.
Performance of OFDM under deviations from the standard
flat fading channel model has been studied: delay spread
channels may provide advantages over flat fading channels
both in terms of outage capacity and ergodic capacity [30].
Failure of assumptions of independence and scattering for
networks employing cooperative communication has also been
studied [31]-[34]. These represent just a small selection of
the extensive work on robustness. However, these sensitivity
results are in the asymptotic regime of diversity order or
high SNR, not finite error probability and moderate SNRs of
practical interest.

III. PROTOCOLS

We consider a network with a central controller (C) that
wishes to send and receive separate messages to and from
each node in a set of IV nodes, denoted by the set S (see
Fig. [I). Distinct messages (for our plots here each of size
m = 160bits, i.e. 20B) flow in a star topology from the central
controller to individual nodes, and in the reverse direction from
the nodes to the controller within a “cycle” of length T (here
T = 2ms). This cycle of communication must be achieved
with a very small outage probability (on order of 10~?). The
available bandwidth is 20MHz for our plots. We assume that
all channels are Rayleigh faded.
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Fig. 1: Topology schematic for the protocols.

A. Occupy CoW

The Occupy CoW protocol (which we abbreviate as the
CoW-protocol) uses multi-user diversity to overcome bad fad-
ing events. The basic idea is to use a flooding strategy where
the controller broadcasts a packet that includes messages for
all nodes. As this is a broadcast message, the intended set
of recipients are all nodes. Nodes with good channels act as
relays for other nodes. This is done in a carefully scheduled,
phased manner with dedicated time slots for each node to
talk. Details of the protocol are discussed in [4] — here we
consider a two-hop scheme with four phases: two rounds of
downlink-uplink each.

Denote the set of nodes with direct controller links by A.
Other nodes may connect to the controller through these nodes
in a two-hop fashion. At its essence, our simple analysis
fundamentally examines how the size of this set A (which
is denoted by A) changes under different channel conditions.
Uplink transmissions are similar. Here, the transmission rate
in each phase is Rp = ’;‘—IX and hence the probability of a
single link outage due to fading (assuming Rayleigh fading)
is po = 1— exp(—Q;]oW}l). Then A follows a Binomial
distribution.

Under the ideal conditions that the channels do not change
during a cycle and they are reciprocal, the probability of cycle
failure is the probability that at least one of the nodes in the
set S\.A does not connect to A. Then we can write:

P(faill A = a) =1 — (1 — p&)N

Thus, the probability of cycle failure is given by:
N-1
P(fail) = ) P(A = a)- P(fail A = a) (1)
a=0

This gives the fundamental flavor of the analyses in this work.



B. XOR-CoW

The XOR-CoW protocol [5] (which we abbreviate as the
XOR-protocol) follows the same key ideas as the CoW-
protocol described above, except that it also uses network
coding inspired by works such as [14], [18]. The protocol
increases efficiency by dividing the cycle length into only three
phases. The first downlink phase and the second uplink phase
follow the same broadcast ideas as the previous protocol. In
the third “XOR” phase, strong nodes that have both uplink and
downlink messages for other nodes broadcast the XOR of the
two messages, thus simultaneously serving as an uplink relay
for the controller and as a downlink relay for other nodes.

Here, Rx = 7}%, and this immediately gives the probability

of link failure px = 1—exp(— 22;’1) just as in the previous

case. This reduction of rate is one of the key differences
between the CoW and the XOR protocols, and is one of the
factors that leads to the significant gains using this network
coding based scheme [5].

Let Ay, be the set of nodes which succeeded in the
downlink and uplink phases to the controller. It is the size
of this set that now matters to the failure probability of the
protocol, and the expression for system outage is essentially
the same as Eq. with po replaced by px.

IV. MAIN RESULTS

We analyze the effects of channel reciprocity, quasi-static
fading and total spatial independence considering one effect
at a time. The results presented here are based on the exact
calculations in the appendix to this paper in [§].

A. Non-reciprocal channels
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Fig. 2: Performance of the CoW and XOR protocols with non-

reciprocal channels

Non-reciprocity of channel fades breaks a key assumption in
the protocols — now, the nodes that received downlink packets
need not be able to act as relays for uplink packets. We expect
that non-reciprocity will slightly degrade the performance of
both of the protocols — effectively we need two coins to
turn up heads instead of just one. As we know from [3]], the
XOR-protocol saves us almost 1.5 dB (compare the solid blue
line for XOR to the dotted green line for CoW in Fig. [2).
The network coding aspects of the XOR-protocol help it
outperform the CoW-protocol.

Without reciprocity, the nominal SNR required for 20 nodes
increases by only approximately .2dB under the CoW-protocol
and on the other hand for XOR-protocol it increases by more
than 1.5dB at 20 nodes (see Fig. [J). This is because the
probability of a node being able to help as a relay in the
XOR phase is suddenly lower — a good channel on downlink
does not guarantee a good channel for uplink (and vice versa).
Effectively four good links per node need to be realized instead
of just two, leading to the large performance degradation.

On the other hand since the uplink and downlink paths of
success are completely independent in the CoW-protocol, it
provides a sort of robustness against bad fading realizations
in the case where uplink and downlink are independently real-
ized. Around 16 nodes, the CoW-protocol starts to outperform
the XOR-protocol when the channels are non-reciprocal but
at higher aggregate rates XOR-protocol outperforms CoW-
protocol even when the channels are non-reciprocal.

B. Non-quasi-static channels
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Fig. 3: Performance of the CoW and XOR protocols with non-

quasi-static channels

Given that the round-trip latency for one cycle of the CoW
or XOR protocols is 2ms and we are considering coherence
times in the indoor environments around 30ms, it is unlikely
that channels will change significantly in the middle of a
protocol cycle. What is the worst that would happen if they
do? Here, we analyzed protocol performance when channels
change at phase boundaries of the protocol: for instance, it
might change between the first downlink and uplink phases
for the CoW-protocol. However, we assumed that the channel
was static while a transmission was actually happening and
once realized, channels were reciprocal.

Just as with non-reciprocal channels, non-quasi-static chan-
nels introduce more randomness into the system. In the two
phase CoW-protocol, this extra randomness might actually
give some nodes two chances to directly establish a link to
the controller (before and after a mid-cycle channel change).
This means that downlink-only performance of a protocol can
improve due to the extra diversity introduced by a channel
change. The same is true for uplink connections.

However, the combined performance of uplink & downlink
take a small hit with non-quasi-static channels. Why? In the
quasi-static case, a path that worked for two-hop downlink to



a node was guaranteed to work for two-hop uplink for the
same node. However, this is no longer true in the presence of
changing channel fades. Each node must find two independent
paths to the controller — one for uplink & one for downlink.
This effect is similar to the effect of non-reciprocal channels,
except its impact is less pronounced because of the advantage
of possible extra “channels” to the controller. Fig. [3| shows the
yellow line hugging the dotted green line.

The XOR-protocol faces a hit that is similar to the hit it
faces in the non-reciprocity case (Fig. [3). Again, the primary
performance hit is due to the potential decoupling between
uplink and downlink — this can lead to a smaller set of
nodes that have both uplink and downlink information for any
given node — and thus a smaller set of nodes that can help
anyone who does not have a direct link to the controller. A
careful analysis shows that certain new paths can show up
when channels change which help out compared to the case
where channels are non-reciprocal.

C. Dependence in fade realizations
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Fig. 4: Performance of the CoW and XOR protocols with a

cap on the maximum diversity that can be harvested by any

node. The legend indicates the protocol being used and the

imposed cap on diversity.

The first model for studying correlations and dependence
between the fading realization in the system caps the total
diversity that any node can harvest. Fig. [4] shows the perfor-
mance of both protocols when the maximum diversity of each
node is capped to be 2,3,5 or 10 respectively. The impact is
significant. Even when the number of diverse paths maxes out
at 10, we see that the minimum required SNR starts to rise
when the network has more than 15 nodes. The additional
nodes in the system stop being useful as “new” relays at this
point. With a diversity cap of 5 independent paths per node,
the nominal SNR required to hit the target of p, = 107 is
always over 5dB. And it grows with the number of nodes in
the network as the aggregate data rate rises but there is no
offsetting increase in diversity to compensate.

The second approach uses a more nuanced probability
model for diversity. Every new channel has a probability ¢
of coming from an independent fading distribution. However,
with probability 1 — g the channel is identical to a channel that
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Fig. 5: Performance of CoW and XOR protocols with the

Gilbert-Elliott inspired model for independence of channel

fades. g represents the probability of an independent fade on

a channel.

has already been realized. Fig. [5]demonstrates how this affects
both our protocols. First it is worth noting that the modeling
choice makes a significant difference to the qualitative nature
of the results. The first notable point is that the SNR curves in
Fig. 5] decay as the number of nodes increases. This contrasts
with Fig. E]where after a threshold, the required SNR increased
as the number of nodes increased. This is because the first
model capped the total diversity independent of the number
of paths available.

Second, a low probability of independence has a severe
impact on both CoW-protocol and XOR-protocol. With ¢ = .5
at 40 nodes the XOR-protocol requires SNR 7dB to succeed
and the CoW-protocol required slightly more than 8dB. The
more troubling behavior is when the network is smaller, around
20 nodes. There, SNR penalty is about 40dB. Why is this
happening? This is happening because the desired probability
of outage is very small, and so the dominant failure event can
just become not getting enough diversity rather than getting an
unlucky sequence of fades. After all, (%)20 ~ 1079 by itself
— and so it is possible to draw 20 heads in a row and get a
103 fading event on the one independent fading realization
and be in outage too often. And there are 20 different nodes
this can happen to. So, we need about 40dB of SNR to punch
through this fade (see Fig. [5).

V. CONCLUSIONS AND FUTURE WORK

In this paper, we find that while the penalty to be paid for
non-reciprocal and time-varying channels is small (about 2db),
the effect of possible non-independence of fading coefficients
of channels is substantial (> 10dB in some cases).

At first glance, this seems like a pessimistic preliminary re-
sult for the practicality of cooperation-based wireless protocols
and further investigation is required. However, these effects
can be minimized through various ways. There is an intuitive
reason to believe that diversity behaves very differently than
multiplexing (and rank) when it comes to real-world multiple
antennas. Consider the extreme of empty-space with line-
of-sight. In this case, it is true that the geometry of space



will force the rank of a MIMO channel matrix to be small.
However, the chance of a bad fade is zero. So the diversity
will go to infinity, not to 1. If physically there are only a
few scatterers, then once again, the fact that analytic functions
cannot be zero in positive-measure sets tells us that the actual
spatial regions where fades are bad must indeed be thin and
not everywhere. The relevant source of independence here is
just the movement of nodes not deliberately following channel
nulls. This was studied in [35] where they actually showed
that spatial correlation exhibits a spatially oscillatory structure
which supports our claim that unless nodes deliberately move
in a fashion which ensures that they are mostly in nulls
or heavily correlated environments (which would lead to
the ¢ = 0.6 curves in Fig. [5), we should be able to get
sufficiently high amount of independent fades (corresponding
to the ¢ = 0.8 & ¢ = 1 curves in Fig. [3).

Recent developments in mmWave communications has
shown the regions of bad fade are ‘much’ narrower and the
probability of two of more nodes being in the same small
region is presumably very small. Also because the wavelengths
under consideration are much smaller than traditional WiFi-
like bands (mm vs cm), channel fades vary at a much higher
rate spatially [36]. Plus with an antenna array one has control
over where the multipath is going which should allow us
to avoid bad fades in a better way or perhaps purposely
decorrelate everyone. This suggests that a large amount of
spatial diversity is going to be reliably achieved, even if fades
aren’t strictly independent. A good proxy for independence
needs to be found so such a result can be made precise.
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