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Abstract

When data traffic in a wireless network is bursty, small amounts of data sporadically become
available for transmission, at times that are unknown at the receivers, and an extra amount of energy
must be spent at the transmitters to overcome this lack of synchronization between the network
nodes. In practice, pre-defined header sequences are used with the purpose of synchronizing the
different network nodes. However, in networks where relays must be used for communication, the
overhead required for synchronizing the entire network may be very significant.

In this work, we study the fundamental limits of energy-efficient communication in an asyn-
chronous diamond network with two relays. We formalize the notion of relay synchronization by
saying that a relay is synchronized if the conditional entropy of the arrival time of the source mes-
sage given the received signals at the relay is small. We show that the minimum energy-per-bit
for bursty traffic in diamond networks is achieved with a coding scheme where each relay is either
synchronized or not used at all. A consequence of this result is the derivation of a lower bound
to the minimum energy-per-bit for bursty communication in diamond networks. This bound allows
us to show that schemes that perform the tasks of synchronization and communication separately
(i.e., with synchronization signals preceding the communication block) can achieve the minimum
energy-per-bit to within a constant fraction that ranges from 2 in the synchronous case to 1 in the
highly asynchronous regime.

1 Introduction

Most theoretical studies of wireless networks assume that transmitters and receivers are synchronized,
in the sense that the receiver knows when data transmission is about to start. This is in general justified
by the fact that, if large amounts of data are to be transmitted, then the time and energy required for
synchronization are negligible when compared to what is required for communication itself. Several
applications, such as Wi-Fi, fall into this category and, in their context, optimizing the time and energy
required for establishing the connection is of small practical importance.

However, in certain applications such as wireless sensor networks and bursty data communication
in cellular networks, small amounts of time-sensitive data are sporadically available for transmission,
at times that are unknown to the receivers. In such scenarios, the receiver is constantly listening to the
output of a noisy channel in an attempt to identify a message. An extra amount of energy is then spent at
the transmitter to make sure that the message is not missed and the noise is not mistaken for the message.
In the sporadic data model, this extra energy represents a significant part of the total energy spent and
becomes a relevant quantity. There is a large body of work treating synchronization from a practical



perspective with the goal of minimizing overheads and synchronization errors. However, these studies
lack a fundamental characterization of the energy and bandwidth costs of synchronization.

Early work on the fundamental limits of asynchronous communication involved characterizing the
data rates that can be achieved when the receiver does not know the beginning of the communication
block [1]. Later, in [2], a similar model was considered, but the performance metric was instead the
energy (or, in general, the cost) per bit required for reliable asynchronous communication. The charac-
terization of the minimum energy-per-bit is important from a practical point of view, especially since it
is often the case that the sensors in a wireless sensor network are battery-operated. Thus, in the case of
short and sporadic transmissions, i.e., bursty traffic, when synchronization costs may in fact dominate
the communication costs, the characterization of the minimum energy-per-bit is very relevant.

In this work, we follow the asynchronism model from [2]. However, we focus on the AWGN channel
model, rather than on discrete channels. We assume that B bits of data become available at the source
node at a random arrival time v, and must be communicated to a destination with a maximum delay
dp'. The arrival time v is assumed to be unknown to all network nodes, and unknown to the source
before the arrival time itself. However, v is known to be drawn from {1, ..., A}, where Ap quantifies
the asynchronism level. Under this setting, and assuming that vp is drawn uniformly at random from
{1,..., Ap}, it was shown in [2] that the asynchronous minimum energy-per-bit of a point-to-point

AWGN channel is given by
log A
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where €;”"° = 2N, In 2 is the minimum energy-per-bit for an AWGN channel with noise power Ny in

the synchronous setting. Our first result is to show that the asynchronous minimum energy-per-bit in (1)
can be achieved through a scheme where the tasks of synchronization and communication are performed
separately. In such a scheme, which we refer to as a separation-based coding scheme, as soon as the
message arrives (at time vp) the source uses a synchronization signal in order to inform the destination
that the message is about to be transmitted. If this synchronization procedure succeeds, communication
can then take place as if we were in the synchronous setting. We focus on such separation-based
schemes due to their ease of design and practical implementation.

We then move on to the main topic of the paper: asynchronous communication in multi-hop net-
works. This is motivated by the fact that multi-hop communication with relays increases network range
and throughput and reduces power consumption. The fundamental question we focus on is: “how should
relays facilitate the communication between source and destination when they do not know the beginning
of the transmission block?”. On the one hand, one could devise a scheme where relays are constantly
assuming that communication is taking place. However, this approach would intuitively waste energy
outside the actual communication block. On the other hand, we could consider a separation-based
scheme which first synchronizes all relays and the destination, and then proceeds to communicate over a
synchronous network. However, this may also be potentially wasteful, since the relays are not required
to decode the message, so they do not need to know the beginning of the transmission block precisely.
In essence, our goal is to understand whether intermediate relays should be synchronized and whether
separation-based coding schemes perform well.

We study this problem in the context of the two-relay diamond network shown in Figure 1. We say
that a coding scheme synchronizes relay ¢ if, intuitively, the signals received by relay ¢ during times
1,2,...,Ag, Agp + 1, ..., Ag + dp, represented by YiAB +5 reveal a significant amount of information
about vp; or, more precisely, if H(vp | YiABerB) /B — 0 as B — oo. Under this notion of relay
synchronization, we show that it is optimal from an energy-per-bit point of view to consider coding
schemes that synchronize any relay that is used (i.e., that does not stay silent). This result allows us

"We index the random arrival time v and the delay constraint d by B since we will consider an asymptotic regime in B, as
described in Section 3.
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Figure 1: Two-relay diamond network.

to show that, depending on the specific values of g1, g2, h1 and ho, it is optimal from the energy-per-
bit point of view to either only use relay 1, only use relay 2, or use both relay 1 and relay 2. This
result is in contrast with the intuition provided by the synchronous case, in which, the capacity (and
also the minimum energy-per-bit) is always improved if we utilize as many relays as are available.
Finally, we utilize the fact that relays must be synchronized to derive a lower bound to the minimum
energy-per-bit for the asynchronous two-relay diamond network. We then verify that the energy-per-bit
achieved by a separation-based scheme is within a constant factor of this lower bound. This factor is 2
in the synchronous case, but it drops towards 1 as the asynchronism-per-bit (log Ap)/B increases. We
conclude that, in high-asynchronism regimes, where synchronization costs are high, separation-based
schemes perform close to optimally.

The paper is organized as follows. In section 2, we summarize some of the previous work on asyn-
chronous communication. In section 3, we describe our network model and formally define the notion
of the asynchronous minimum energy-per-bit that we use. In section 4, we provide some preliminary
results. First, we describe the known results on the minimum energy-per-bit of point-to-point AWGN
channels. Then we show how similar ideas can be used to derive upper and lower bounds for the min-
imum energy-per-bit for the asynchronous diamond network. However, the ratio between these upper
and lower bounds is unbounded, and the remainder of the paper is devoted to improving the lower bound
(i.e., the converse direction). In section 5, we state our two main results. The first main result, Theorem
4, essentially states that it is optimal to consider coding schemes where any relay that is used (i.e., does
not stay silent) must be synchronized. We then state and prove our second main result, Theorem 5,
which bounds the asynchronous minimum energy-per-bit of the two-relay diamond network. The upper
and lower bound are then verified to be within a constant fraction of each other. The proof of Theorem
4 is left to section 7. We then conclude the paper in section 8.

2 Related Work

The modeling of bursty data traffic used in this work builds up on the asynchronism models introduced
in [1] and [2]. In [1], asynchronism is modeled by having the message transmission block start at a
randomly chosen time within a prescribed window. The receiver knows the transmission window, but
not the location of the transmission block. The authors consider an asymptotic regime in which the
size of the window grows exponentially with the number of bits to be transmitted, and they define the
communication rate as the ratio between the number of transmitted bits and the average time elapsed
between the beginning of the transmission block and the time when the decoder makes a decision.
Under this model, in [1], several aspects of the tradeoff between achievable communication rates and
the asynchronism exponent were characterized. Later on, in a follow-up work [3], the authors drew
connections between this asynchronism model and the detection and isolation model introduced in [4].
The asynchronism model considered in [2] is very similar to the model from [1]. In [2], however,
the performance metric is the data rate per unit cost, rather than just the data rate. The authors also allow



for the random variable associated with the beginning of the communication block to have more general
probability distributions (not just the uniform distribution). Their goal is to characterize the maximum
achievable rate per unit cost, or the capacity per unit cost, which is the inverse of the minimum cost per
bit. For a discrete channel p(y|z) with input alphabet X' and output alphabet ), and an arbitrary cost
function k : X — [0, oo, they show that the capacity per unit cost is given by

@)

C(B) = maxmin { I(X;Y) I(X;Y) + D(Y]]Y3) } ’
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where Y, is the random variable corresponding to the output of the channel outside of the transmission
block (i.e., when the transmitter is idle), and 3 is a parameter that characterizes how the uncertainty of
the beginning of the transmission block grows with the number of bits to be sent. In particular, for an
AWGN channel with noise variance Ny, and quadratic cost function k(z) = 22, and assuming that the
beginning of the transmission block is drawn uniformly from {1, 2, ..., 288 }, for 5 > 0, where B is the
number of bits to be transmitted, this expression reduces to

1 loge
14+ 82Ny’
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Notice that, if we define the length of the window to be Ap = 2hB (3) implies that, for an AWGN
channel, the asynchronous minimum energy per bit is given by

log A .
(14 5)2In2Ny = <1_|_ 08 B> ezync7
where ezync = 21n 2Ny is the usual (synchronous) minimum energy-per-bit of an AWGN channel. In

addition, the authors of [2] also characterize the basic trade-off between the capacity per unit cost and
the exponent of the delay within which the decoder must make a decision.

In [5], the same point-to-point asynchronous model from [1] is considered, but the authors study the
miss and false alarm error exponents. As a consequence, they are able to characterize the suboptimality
of tranining-based schemes.

In [6], a strengthened version of the asynchronism model from [1] is proposed, in which the decoder
needs to estimate both the message and the location of the codeword exactly. It is shown that the asyn-
chronous capacity region remains unchanged under this formulation. In addition, the finite blocklength
regime is investigated.

3 Problem Setup

We consider the diamond network, shown in Figure 1. We assume a discrete-time model where, at time
t, each transmitter node u € {S, 1,2} transmits a real-valued signal X, [t], each relay ¢, for i € {1, 2},
receives Y;[t] = /g;Xs[t] + Z;[t], and the destination D receives Yp[t] = vh1 X1[t] + VhoXo[t] +
Zplt], where Z1[t], Z»[t] and Zp[t] are independent i.i.d. N(0, Np) noise terms.

Our bursty traffic model follows the asynchronous communication model introduced in [2]. The
source receives a B-bits message m at some random time v € [1 : A], where, for a > b, we define
[a:b] = {a,a+1,...,b}. The source then needs to communicate this message to the destination with a
delay of at most d time-steps.

In order to formally define reliable communication, we consider the asymptotic regime of B — oo.
Thus, we consider a sequence of arrival distributions {vg}%_;, where v is uniform on [1 : Apg| and
Ap = 2B for B = 1,2,... and some 8 > 0. Notice that, as B — oo, B/Ap — 0, thus capturing
the idea of short and sporadic messages. Once the B bits arrive at the source at time vg, they must
be communicated to the destination within a delay dp. Notice that, in order for the problem to be

4



meaningful, dg should be small in comparison to Ag. Otherwise, it would be possible to devise a
strategy where the source only starts its trasmission at pre-defined time-steps separated by dp time-
steps, and the traffic would not be actually bursty. Thus, since Ap is exponential in B, we will require
the delay dp to be subexponential in B.

An asynchronous code C for the symmetric diamond network is designed to communicate a specific
number of bits B with a delay of dp, assuming an arrival distribution 5. This code is comprised of

e an encoding function for the source f : [1 : 28] x [1 : Ag] — R¥8+!, which defines the source
transmit signals for [vp : vp + dp], given the B message bits and their arrival time vz;

e relaying functions p;; : R!=1 — R, which define relay 4’s transmit signal at time ¢ given its
received signals in times 1,...,t — 1,fort = 1,..., Ag + dp;

e asequential decoder (7, 712), which, at time ¢, decides to either decode the message (in which case
it sets 7 = ¢ and outputs a decoded message 1) or to wait (in which case 7 > ).

We then have the following definition.

Definition 1. Energy-per-bit ey, is achievable if we can find a sequence of codes {Cy. }7° | and a sequence
{By}2, with By, = oo as k — oo, where code Cy; can transmit By, bits with a maximum delay of dp,,
assuming the input distribution is vg,, and we have

1. limg_,o Pr(error(Cg)) =0

. lo dB
2. limg e %Bk E
E[&
3. liminfp_ o fe,] < ey,
By,
A
where &, £ t:k;_dB’“ (Xs[t]? + X1[t]* + Xo[t]?) is the total energy used by code Cy, Ay = 2°P,

and error(Cy,) is the event {m # m} U {r > vp, + dp, } for code Cy. The asynchronous minimum
energy-per-bit is the infimum over all achievable energy-per-bit values.

Constraint 2 is what characterizes the data as time-sensitive, thus requiring the communication to be
in fact bursty. Notice that our definition of achievable energy-per-bit is similar to the ones in [2] (with
delay exponent § = 0), and in [7] (by setting 8 = 0, i.e., in the synchronous case).

4 Preliminary Results

In this section we first describe some known results for point-to-point AWGN channels. Then we extend
them in a simple way to the two-relay diamond network, and show that this approach yields upper and
lower bounds on the asynchronous minimum energy-per-bit which can be arbitrarily far from each other.

4.1 Point-to-point AWGN Channel

In the synchronous case, the minimum energy-per-bit of a point-to-point AWGN channel is a special case
of the inverse of the capacity per unit cost, studied in [8], where the cost is the average power. Consider
a simple AWGN point-to-point channel, where the channel gain between transmitter and receiver is
Vh. Let ¢,”° be the minimum energy-per-bit of this channel in the synchronous setting and e,**" be
the minimum energy-per-bit of this channel in the asynchronous setting. The following lemma can be

obtained from the results in [8].



Lemma 1. If C(P) is the capacity of the synchronous AWGN channel with power constraint P, then

P

ey =/

sync __
€ =

where we define v = 2Ny In 2.

The importance of Lemma 1 for us is that it guarantees that any energy-per-bit e, > €;” " can be
achieved with codes whose delay (i.e., the blocklength) is linear in the number of bits being sent. To see
this, consider any e, > €, = infpso P/C(P). We can find P’ > 0 such that e, > P’/C(P’), and,
for § > 0 sufficiently small, we will have e, > C(PL,/)_&. Now, for the rate R = C'(P’) — 9, we can find a
sequence of (synchronous) codes {Cj,};° ;, where Cj, transmits Bj, = kR bits, with a blocklength equal
to k, whose error probabilities go to 0 as k — oco. Therefore, the energy-per-bit of each code Cj, satisfies

P'k P P’

= = <
B, R _C@P)-5-%

and the delay is k = By /R is linear in By.

Next, we consider the same AWGN channel, but in the asynchronous setting. We will make an
additional assumption about the sequence of distributions of vp. Let pp(t) = Pr[vp = t] and let
PR™ = max; pp(t). We will require that p3** — 0 as B — oo. Among the sequences of distributions
satisfying this property, we have sequences of distributions whose probability mass functions have the
same “shape” but stretched over the interval [1 : 285] for each B. In particular, this is the case when
vp is uniformly distributed on {1, ...,2%8}, which will be our focus when we consider the diamond
network. By using this restriction, we exclude the distributions for which the expression (6) in [2] does
not evaluate to the normalized entropy. Under this assumption, we can state the following theorem,
which is similar to the results in [2]. However, since we are not in the discrete alphabet setting which
is the focus of [2], our achievability scheme is somewhat different, and it introduces the notion of a
separation-based scheme. We present the achievability proof here, and the converse in Appendix I.

Theorem 1. For an asynchronous AWGN channel, the minimum energy-per-bit is given by
ep Y = (1+ H)ep™.

where H = liminfy,_,o, H(vp,)/By. In particular; if each vg, is uniformly distributed in [1 : 25P%),
then H = J5.

Proof. Achievability: We will show that the asynchronous energy-per-bit (1 + H)e;""(1 + 6)?, for an
arbitrarily small § > 0, is achievable, which implies e, " < (1 + H)e,”". We will let { By} be the
subsequence of 1,2, ... along which limy,_,o, H (v, )/ B, = H. We will then build a sequence of codes
{Cr}32, where code Cj, assumes arrival distribution v/p, and transmits B}, bits.

Our scheme is based on having the transmitter send a large pulse as soon as the message arrives.
The receiver will use a threshold detector to detect the pulse. Once the pulse is (correctly) detected,
communication can proceed as in a synchronous channel. For code Cy, the total energy available for
the pulse will be H (v, )e;" (1 + 6)* = H(vp, )y(1 + 6)?/h. If the message arrives at time ¢ (which
implies pp, (t) > 0), then the transmitter will first send a pulse of magnitude

(1 +5)\/—k)g0;l&(t>ﬂ _ <1+5)\/—2Nolnh(p3k(t)). “

Following the pulse, the transmitter sends a codeword from an optimal code designed to send By, bits
with energy-per-bit (148)%e;*"" = (1+4)?~/h over the synchronous version of the channel. Therefore,



the expected energy consumed by our code is given by

El&,] = Zka —(1+6)*1og (pp, (t)7/h + Bi(1+ 6)*v/h]
(1+9) % Zka ) log (pB,, (1)) + B
= (1+0)°) (H(vg,) + By).

where we used the convention that 0log0 = 0, in order to sum over all ¢ € {1,..., Ax}. The energy-
per-bit we will achieve will be limy_,oo E [€¢,] /Br = (1 + 8)(1 + H)~y/h, as we intended. All we
need to show is that the probability of error of our codes goes to 0 as K — oco. Since we are using an
optimal code for the synchronous channel to actually communicate the bits, the probability of incorrect
decoding, given that the pulse was detected goes to 0 as k — oo. Moreover, from Lemma 1 we know
that the blocklength required for these codes will be By, /R for some R > 0, which guarantees that the
decoding delay dp, = Bj/R + 1 will satisfy limy_,o logdp, /By = 0, and the probability of late
decoding also goes to 0 as k — oo. Thus, we only need to show that the probability of error in detecting
the pulse goes to 0. For this to happen, we will set the detection threshold at the destination to be

(1+8/2)y/~2No In (p, (1))

at time t. We define the following two error events:

e L; = {Destination does not detect the pulse}

e Lo = {Destination incorrectly detects a pulse before the pulse is sent}

Clearly, the probability of error in detecting the pulse can be upper bounded by Pr(L;ULy) < Pr(Lq)+
Pr(Lsy). We will show that each of the terms goes to 0 as k — oo. For L1, we have

Ay
L) = pp,(t)Pr {(1 +6)y/~2NoIn (pp, (1) + Z(t) < (1+5/2)y/~2No In (pp, (ﬂ)}
tAZkl
=S o P {20 > 572 ~2Noln (5, )}
t=1
< Pr {Z(t) > 5/2\/ 2NoIn ( ma")} ;

and, as k — oo, we have pp™ — 0 and —log pg™* — 00, implying that Pr(Ly) — 0. For Ly, we have

Pr(Lq) < Pr{EIt e{l,..., A} Z(t) > (1 + 5/2)\/—2]\70 In (ka(t))}

<Y Pr {Z(t) > (1+6/2)\/~2NoIn (ps, (t))}
t=1

< Ze 1+5/2)21n ka Zka (1+5/2)?
t=1
Ay

_ Zka (t)1+5+52/4 < Zka( pm2X)5+52/4

t=1

2
(pmjx)(i—i-é /4



which goes to 0 as £ — oo, since pp™* — 0 as k — oo. O

4.2 Two-relay Diamond Network

We now start considering the two-relay diamond network shown in Figure 1 in the asynchronous setting.
Unless otherwise noted, we will assume throughout the paper (wlog) that go < g1. Moreover, we will
focus in the case where v is uniformly distributed on [1 : 2°5].

A simple achievable scheme for the two-relay diamond network in Figure 1 is a separation-based
scheme, similar to the one we used in the achievability of Theorem 1. Thus, we will have a synchroniza-
tion phase, where the source will send a pulse at time v, to synchronize the relays, and the relays will
send a pulse at time vp, + 1 to synchronize the destination. After this, provided that the pulses were
correctly detected by all nodes, we are in a synchronous setting, and we will have a communication
phase. In this phase, any code for the synchronous two-relay diamond network can be used, as long as
its delay is subexponential in the number of bits being sent.

To compute an achievable asynchronous energy-per-bit, we will use decode-and-forward for the
communication phase. Notice that several relaying schemes that outperform decode-and-forward are
known [9, 10, 11]. However, there is no closed-form expression for the energy-per-bit achieved by these
schemes, making it difficult to compare their performance to the lower bound. A careful calculation of
the asynchronous energy-per-bit achieved by this separation-based scheme yields the following theorem,
whose proof is in Appendix II.

Theorem 2. The asynchronous minimum energy-per-bit for the network in Figure 1 satisfies

1 .
1 > emin.
(148 <g2 hi + h2> i

In order to obtain lower bounds on the asynchronous minimum energy-per-bit, we will use a tech-
nique similar in flavor to cut-set bounds, but applied to minimum energy-per-bit. The idea is to consider
all four cuts in the network in Figure 1, and view it as a MIMO channel, thus being able to apply a lower
bound to the asynchronous minimum energy-per-bit of a point-to-point channel, as in Theorem 1. This
approach yields the following result.

Theorem 3. The asynchronous minimum energy-per-bit for the network in Figure 1 is lower bounded
as e})nin > LB, where LB is the optimal solution to

Maximize (1 + B) [y1 + y2 + y3 + 4
subjectto (g1 + g2)y1 + gays + g1y4 < 1
(h1+h2)y2 + hiys < 1
(h1+ h2)y2 + hoys < 1
Y1,Y2,Y3,Ya > 0. )

In order to prove this result, we will require the following two results, which bound the asynchronous
minimum energy-per-bit of the MIMO channels obtained when we consider the different cuts. Their
proofs are in Appendices III and IV respectively.

Lemma 2. Consider the networks in Figures 2(a) and 2(b), where the message arrival time vg is uni-
formly distributed in [1 : 2/33]. Then, the minimum asynchronous energy-per-bit ey"" of these two
networks is given respectively by

~
g1+ g2

and &M = (1 + p) 7

6glln:(1+ﬁ) h1+h2‘



Lemma 3. Consider the MIMO channel in Figure 3 in the asynchronous setting, where the message
arrival time vp is uniformly distributed in [1 : 2°P). Consider a sequence of codes {Cy}5° , that
achieves a finite energy-per-bit, and let Eéii) be the energy spent by code Cy, at the source transmitter s;,
fori = 1,2. Then, we must have

ol —
alim inf + blim inf > y(1+ B).
k—oo L k—o0 k

Proof of Theorem 3. We will use the networks in Figures 2(a) and 2(b) to bound the energy-per-bit
used by the sources, and the energy-per-bit used by the relays respectively. Notice that these networks
correspond to two out of the four cuts in our diamond network.

Z
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(a)

Figure 2: MIMO Channels obtained from first and second hops of the diamond network in Figure 1.

Now, suppose we have a sequence of codes {Cj}72; achieving a finite energy-per-bit e, on the
diamond network in Figure 1. Then we consider applying this sequence of codes to the network in Figure
2(a), where we assume the same asynchronism level. In order to do this we let the source transmit as if
it were in the network in Figure 1. The destination, which has two receive antennas, which represent the
relays from the original network, will first compute what the transmit signals of the relays would have
been in the original network. Then it will simulate the second hop from the relays to the destination, and
use the same sequential decoder used by the destination in the original network applied to the simulated
received signal. It is clear that the probability of error of this code applied to the network in Figure
2(a) is identical to the probability of error of Cy, on the network in Figure 1. The main difference is that
the energy from the relays is not consumed anymore, and the energy used by code C; when applied to
the network in Figure 2(a), is just the energy used by the source Eéi). This will allow us to bound the
energy-per-bit used by the source. From Lemma 2, we have

E [Sés)}
liminf —t *d > 45T 6
lkrglog By > ( f) g1+ g2 ©

Then we consider applying code Cy, to the network in Figure 2(b). This time, the source will simulate
the transmit signals of the source in Figure 1 and the received signals at the relays. Then it can compute

the transmit signals of the relays in Figure 1 and use them one for each of its antennas. If we let Sézl)

and EéZZ) be the energy used by the relays in code Ci, Lemma 2 tells us that

)

} > (1+8) @)

Up to this point, we have only considered two out of the four possible cuts of the two-relay diamond
network. The other two cuts will yield MIMO channels that look like the network in Figure 3, for a = h;
and b = go, and @ = g1 and b = ho. For a point-to-point channel such as the one in Figure 3, it is not



Figure 3: MIMO channel obtained from remaining two cuts on the diamond network in Figure 1, by
setting a = hy and b = g9, or a = g; and b = ho.

difficult to see that the asynchronous minimum energy-per-bit would be given by (1 4+ /) min (%, %)
This is trivially achievable by just using one of the two source antennas (s; or s3). However, for the
purposes of deriving a tighter lower bound, we will be interested in capturing a relationship between the
energy that is spent in each of the two source antennas. This relationship is stated in Lemma 3.

Recall that, in order to derive (6) and (7) we used the fact that code Cj, can be applied to the networks
in Figures 2(a) and 2(b). Similarly, by applying code C, to the network in Figure 3, (with a = h; and

b= g9,and a = g7 and b = hs), we can use Lemma 3 to obtain

) X 2
g2 lim inf + hq lim inf > (14 8), )
k—00 A k—00 k
lim i fE {g‘(}ﬂ + hy limi fE [5&2)} >~(1+8) €))
NS T B, 205 By = '

Next, we notice that (6), (7), (8) and (9) imply that, for any § > 0, there exists a kg such that, for k > kg,

Crk
(91 +92)Tk >y(1+8)—6
E &M+l

(h1 + hs) { . . - } >y(1+8)—6

- [séj)] +h - [5&1)] >y(1+8)—0
g2 B 1 By el

B (e8] L E 5] (148
g1 By 2 By, >y .

Therefore, for any k£ > kg, a lower bound to
(s) (r1) (r2)
sl _PE0) P el
By, By, By, By,

is the optimal value of the linear program

Minimize zs+ z,, + T,
subject o (g1 + g2)zs > y(1 +B) — 6
(s + o) (e, + 213) > A(1+ ) — 8
92%s + hizey > (1 + ) — 6
9175 + hotr, > (14 3) — 6
T, Tpyy Tpy > 0. (10)
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This implies that, for any § > 0, the above linear program is also a lower bound to

.. El&,]

thI_l) ggf ?k’ (1D
and, after letting 6 — 0, (10) is still a lower bound to (11). Finally, by taking the dual of (10) with
0 = 0, we conclude that (5) is a lower bound to the asynchronous minimum energy-per-bit of the
diamond network in Figure 1. The advantage of using the dual linear program in (5) rather than its
primal is that any feasible solution (y1, y2,ys, y4) yields a lower bound to the asynchronous minimum
energy-per-bit of the diamond network. O

In order to explicitly compute a gap between the upper and lower bounds, we may consider a worse
lower bound, obtained from the feasible solution to (5) y1 = (g1 + gz)_l, ya = (h1 + hg)_l, Y3 =
0,y4 = 0. This tells us that

1 1
LB > ~(1+ + . (12)
Y(1+5) <g1 +g92 M +h2>
The gap between our upper bound and this lower bound is given by
1 1
1+ 06 < — ) . (13)
( )V g2 g1+ 92

This result shows that our separation-based scheme performs well in cases where the channel gains of
the first hop are much stronger than the channel gains of the second hop (since the gap in (13) is small in
comparison to the lower bound in (12)). However, it is important to realize that our gap depends on S,
suggesting that the separation-based scheme may be arbitrarily bad in high-asynchronism regimes (i.e.,
when [ is large). Notice that, even if we consider the optimal solution to (5), our lower bound is still a
multiple of (1 + /3) and the gap to the upper bound from Theorem 3 will still depend on .

5 Main Results

Our first main result (Theorem 4) is that a relay can only be helpful in a coding scheme (from the energy-
per-bit point of view) if it is synchronized. From this, we can derive our second main result (Theorem 5),
which consists of a lower bound for the asynchronous minimum energy per bit of the diamond network
(tighter than the one in Theorem 3), whose ratio to the upper bound in Theorem 2 is bounded by 2, and
decreases to 1 as 3 increases. The proof of Theorem 4 is very technical, and is deferred to section 7,
while the proof of Theorem 5 is presented in this section.

In this work, we will define synchronization as follows.

Definition 2. Relay i is synchronized in the sequence of codes {Cy,}7° ; if

where YiAk is the vector of received signals of relay i from time 1 to time A2 AL+ d By» When using
code Cy,.

Our first main result states that it is optimal (in terms of minimum energy-per-bit) to consider only
schemes where we either use both relays and synchronize them, or we just use relay 1 and synchronize
it. We rule out the case where only relay 2 is synchronized because, since g2 < g1, we have the Markov
chain v, <> Y7 <> Y5. Thus, we must have H(vp, |Y1Ak) < H(vp, |Y2A’“), which implies that if relay
2 is synchronized, so is relay 1.

11



Theorem 4. Suppose we have a sequence of codes {Cj,}72 | achieving a finite energy-per-bit ey, on the
asynchronous diamond network in Figure 1. Then we can achieve arbitrarily close to the energy-per-bit

ey with a sequence of codes {Cy } for which one of the following is true:
(a) Relay i, fori = 1,2, can create a list A,(:i) C [1: Ag] based on their received signals, such that
)

with vanishing error probability and list size |A,(:i)] subexponential in By

(b) Relay I can create a list A,(Crl) C [1 : Ag] based on its received signals, such that vp, € A,(fl)

VB, € A](:i

with vanishing error probability and list size ]A,(Crl)] subexponential in By, and relay 2 is inactive
(i.e., does not transmit any signal)

Theorem 4 states that we can assume wlog that any sequence of codes {Cj}?° ; achieving a finite
energy-per-bit e; will allow any relay that is used (i.e., any relay that does not stay silent) to create a list
Agi) C [1: Ag] that has size ]A,(:i) | that is subexponential in By, and contains v, with vanishing error

probability. Therefore, if relay i is used in the sequence of codes {Cj, }> , and if we let 1{vp, € Ag")}
)

be an indicator function for the event vp, € A](:i , then we must have

Hvp V") _ B, A _ H(v, 1{vs, € ATVYALY)

By, - By, - By,
_ L+ Hp, A 1{vs, € A7)
< B,

1 H A(Ti) A(ri) H A(’“z‘) A(Ti) P A(Ti)
< + (VBk’ k VB, € k )+ (VBk| k 7VBk¢ k ) r(VBk¢ k )
< By
_ L+log|AYY| + 8B, Pr(vp, ¢ AY)
= Bk )

which goes to 0 as k — oo, because ]Al(:")\ is subexponential in By, and Pr(vp, ¢ A,(:")) — 0 as
k — oo. Thus, we have just shown the following.

Corollary 1. It is possible to achieve the minimum energy-per-bit of the asynchronous diamond network
in Figure 1 with codes where each relay is either synchronized or remains silent.

In the remainder of this section, we show how Theorem 4 can be used to improve our lower bound,
and, in section 7, we prove Theorem 4. We will need some facts related to the capacity of a two-
user degraded broadcast channel. Let C'(P) be the capacity region of a degraded broadcast channel
X < Y] < Ya. We know that this capacity region consists of all pairs (R, Rz) such that

Ry <I(X;11|U)
RQ SI(U,YQ),

for some distribution p(u, ) such that E [|| X ||?] < P, where R, corresponds to the common rate, and
R; to the private rate to the stronger user. However, we will be interested in the multi-letter characteri-
zation of the same region; i.e., all pairs (R, R2) such that

Ry < LI(X™YU)
Ry < LI(U; ), (14)

for some n and some distribution p(u, z") such that E [|[X"||*] < nP. An important quantity for us
will be the (1 : 7)-capacity of this broadcast channel, which we define as

Ci(P) =max{R: (R,yR) € C(P)},

12



for some v > 0. Using the multi-letter description of the capacity (14), it is easy to see that we have

Ci4(P) = sup min [I(X";YMU), I(U;Yén)} . (15)

n,p(u,z”):E|| X"||2<nP n mn

Now we can state our new lower bound.

Theorem S. The asynchronous minimum energy-per-bit for the network in Figure 1 is lower bounded
as

e > min {LB2,’Y(1 + ) <1 + 1) } 5
g Mh

where LB2 is the optimal solution to

Maximize -y [yl <1 + B+ B?) + (1 +B8)(y2 +y3 + y4)}
2

subject to (g1 + g2)y1 + g2y3 + g1ya < 1
(b1 + h2)y2 + hays <1
(h1+ h2)y2 + hoys <1
Y1,92,9Y3,y4 = 0. (16)
Proof. First we assume that {Cj, } 2, falls into case (a) of Theorem 4, and both relays are synchronized.

In this case, we will consider using code Cj on the degraded broadcast channel in Figure 4, in the
synchronous setting. Notice that, for this broadcast channel, Y2 = /g2 X + Z3 is a scalar, while Y1 =

Figure 4: Degraded broadcast channel used in the proof of Theorem 5.

Yii| [ VoarX+Z11 ] . . . . .
|:Y1,2 } = [ VX471 | 152 vector. When we consider using code Cj, on this channel in the synchronous

setting, we will have the source choosing an arrival time v, uniformly at random from [1 : 20B] and
transmitting the message as if we were in the asynchronous setting. Notice that destination D; can
simulate what the relays would have done in the diamond network, thus being able to simulate what
the destination from the diamond network would have received. This guarantees that, with probability
1 — €k, where ¢;, — 0, destination D; can decode m correctly and output a list [T — dp, : 7] containing
VBy,- )

We will let X4 be the the random vector corresponding to the transmit signals of the source when

using code Cj, on the broadcast channel, and YIA’“ and YQAk be the corresponding outputs at Dy and Dy
respectively. Since we are assuming that relay 2 is synchronized in the diamond network, destination
Dy will be synchronized here, which implies that

—0. 17
fmro0 By 0 (17
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Now, using (15) with U = vpg, , we obtain
s bt 1 . A A A
Crs (E [Eék)} /Ak> > - min [I(XA’“;KAk\VBk)J(VBk;i@A’“)/B}
k

1 - ~
= min [Bk — H(XA|Y{* vp,), By — H (yBk
k

)
g) Alk min [Bk — (H(er) + exBy), B, — H (VBk

i) /8], as)

where (i) follows from Fano’s inequality. Next, we notice that the capacity C'(P) of the Gaussian
degraded broadcast channel is known in closed-form, and in the case of Figure 4, it is comprised of all
non-negative pairs (R, Ry) satisfying

1
Ry < §1Og(1 + a(g1 + g2) P/No)

(1— Oé)ggp> ’

R =1 1
‘=2 Og( JrNo+0é92P

IN

for some « € [0, 1]. It is then not difficult to see that the (1 : 3)-capacity of our broadcast channel can
be expressed as

B 1 1 (1—a)gaP
C1.3(P) = jnax, min [2 log (1 + a(g1 + g2) P/No), 35 log <1 + W)] .

Then we have

(1—a)ga P
Crp(P) . log (1 + a(g1 + g2) P/No) log (1 i N0+a92P>
sup < max min |sup , sup
r>o P 0<as<l P>0 2P P>0 26P
_ - [04(91 +g2) (1— 06)92}
= max min ,
0<a<l gl By
92(91 + g2)
= . (19)
v [B(g1 + g2) + g2]
Now, by combining (18) and (19), we conclude that
)] /i
21 +g) _ CipP) Crs (E [gck} /A’“>
> sup > —
v [/B(gl + 92) + 92] P>0 P E [g((ji)} /Ak
1 .- Ay,
7, min [Bk - (H(Gk) + GkBk) ,Br. — H (VBk Y2 ) //8}
> k
- ) /i
E e8] /A
. Ay,
min |1 = (H(ex) /By + &), 1 = H (vs, |5 ) /(8By)|
(s) ’
E e8] /B
Finally, by taking the lim sup when k£ — oo and using (17), we obtain
92(91 + g2) > lim sup By,
YBg1+92) +92] T koo E [gc(ﬂ
L s + g2) + go] p 1
= liminf F 5( ) By > 7B = ( + ) 20
k—00 [ ck]/ b= g2(91 + g2) 7 92 91+ 92 20)
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For the other three cuts in the network, we use the same analysis that we used in the proof of Theorem 3
to obtain (7), (8) and (9). Then, by following very similar steps to those in the proof of Theorem 3, we
conclude that a lower bound to

E
it 2

is given by the optimal solution to the linear program
Minimize s+ 2y, + Tpy
. +
S )
2
(h1 + ho)(@r, + 2r,) 2 (1 + 5)
9225 + iz, > v(1+ B)
9175 + howry, > y(1 4 B)
Loy Ty, Ty 2 0. @1

Then, by taking the dual of (21) we obtain (16), which concludes the proof in the case where both relays
are synchronized.

If the sequence of codes falls into case (b) of Theorem 4, we may assume that only relay 1 is syn-
chronized an relay 2 is silent. Then the analysis is much simpler. We essentially have two concatenated
point-to-point asynchronous AWGN channels, in which case the asynchronous minimum energy-per-bit
is exactly given by

: 1 1
e =(1+5) <91 + h1> ; (22)

and the theorem follows. O

6 Implications of the Main Results

The result in Theorem 5 allows us to characterize the asynchronous minimum energy-per-bit of the
diamond network to within a constant ratio, which ranges from 2 in the synchronous case to 1 in the
highly asynchronous case. First notice that, if we just use relay 1 (the stronger relay), we can achieve

energy-per-bit y(1 + f3) <gi1 + h%) Therefore, in cases where
1 1
71+4+8)( —+ — ) <LB2, (23)
g

the optimal strategy for the two-relay diamond network is to just use relay 1. In these cases, there is no
gap between upper and lower bound. In cases where

1 1
1 — 4+ — LB2 24
19 (4 ) > L2 24)

it is clear that LB2 is a lower bound on the asynchronous minimum energy-per-bit for any sequence of
codes (independent of which relays are synchronized). Therefore, if we compare it to the simple upper
bound from Theorem 2, and using the feasible solution to (16) 11 = (g1+g2) !, 92 = (h1+h2) ! yz =
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0,y4 = 0, the gap will satisfy

g2 hi+he
1 1 B 1 1+ 5 >
<(1+ — + —v({—+ +
1+ 8p (92 h1+h2> 7<g2 g1t92  hi+he
B ( 1 1 >
No gi+ep)
Notice that this gap does not depend on 5 anymore. Therefore, we conclude that the separation-based

scheme, although suboptimal, has a performance that does not become worse for large 3; it in fact
becomes relatively better. An important outcome of these results is that, for some values of g1, g2, h1

(1+ﬁ)7<1+ ! >—LB2
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Figure 5: Optimal relay selection for a fixed position of source, destination and relay 1, and a varying
position of relay 2. We show in green the positions of relay 2 for which it would be optimal to use both
relays, in red the region where it would be optimal to use only relay 1, in blue the region where it would
be optimal to use only relay 2, and in yellow the region for which our result does not provide an answer.
The channel gains are assumed to be inversely proportional to the cube of the distance.

and hgy, we can decide whether it is optimal to use one or both relays. As we observed before, in the
cases where (23) holds, it is optimal to only use relay 1. The intuition is that the cost of using relay 2 is
high, since it must be synchronized in order to be useful, and using it does not improve the achievable
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energy-per-bit. On the other hand, in cases where our upper bound is below the lower bound when using
only relay 1, i.e., when

111, 1

g1 h1 T g2 hidhy
we know that the optimal strategy involves using both relays, and paying the price for synchronizing
them. The plots in Figure 5 illustrate these results. For a given value of 8 and for fixed positions of
the source, relay 1 and the destination, we show in green the positions of relay 2 for which it would be
optimal to use both relays, in red the region where it would be optimal to use only relay 1, in blue the
region where it would be optimal to use only relay 2, and in yellow the region for which our result does
not provide an answer. To create these plots, we assumed that the channel gains are proportional to the
cube of the inverse of the distance.

Next, we consider the ratio upper-bound /lower-bound. The upper-bound that we use is simply the

minimum between a decode-and-forward scheme using only relay 1 and a decode-and-forward scheme
using both relays, i.e.,

min{fy(l—i—ﬁ) (1+h11>,7(1+/3) <1+ ! >} 26)

g1 g2 h1 =+ h2

(25)

As shown in [12], in the special case where the first hop of the diamond network is symmetric, i.e., when
g1 = g2 = g, the upper and lower bounds are within a constant factor of each other. To see this, notice
that, if g1 = g2 = g, the upper-bound always reduces to y(1 + 5)(1/g + 1/(h1 + h2)). Moreover, by
computing the bound (16) with y; = (29) ', y2 = (h1 + h2)~!,y3 = 0,y4 = 0, we obtain the lower
bound of v(58/g + 1/(2g9) + (1 4+ 5)/(h1 + hz2)). We then have

7(1+/6)<;+h1—1kh2><(1+6); 1+5

B 1 148 = g, 1 1 )
7<§+@+h1+h2> 9+29 2+B

Therefore, if g1 = go, separation-based schemes achieve to within a factor of (1 + 3)/(3 + 3) from the
minimum energy-per-bit. This ratio equals 2 when $ = 0 (i.e., in the synchronous case) but it decreases
towards 1 as (3 increases.

In the general case, however, finding a good analytical bound on the worst-case ratio between the
upper and lower bounds is not as easy. As we noticed before, if (23) holds, then the gap between upper
and lower bound is zero, and the ratio is one. Therefore, we may assume that, for the worst-case ratio,
(24) holds, and by plugging y1 = (g1 +¢g2) ', y2 = (h1 + h2) "1, y3 = 0,y4 = 0 into (16), we have the

lower bound
1 1
ISt
92 g1+g2  hi+h

Then, an upper bound to the worst-case ratio is

L L 1+ 1+
7(1+ﬁ)(92+h1+h2) < ip _ 2,0

1 1+ -8 1. = B8 = :
v (9% + gi1+g2 + h1+§,2) g2 + gi1+g2 g2 ﬁ

This clearly shows that, as 5 — oo, the worst-case ratio tends to 1. However, this bound tends to infinity
when 5 — 0. To verify that this is not the case for the worst-case ratio, we consider two regimes.

(1) h1 < go: By considering only the second term in (26), and the lower bound provided by plugging

0 1 1 . 1 1 1 0
= = — = —min| —, — == -
1 » Y2 2<h1 + h2)7y3 ) 2927@/4
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into (16), we can upper bound the worst-case ratio as

7(1 + B) (Q% + h1-}-h2)

1 1 =2
’Y(l + 5) (E + 2(h1+h2)>

(i1) h1 > go: By considering only the first term in (26), and the lower bound provided by plugging

hl — g2 0 . ( 1 1 > 1 0
= — = s —= min —,— = -, =
Y1 h1(g1 + o) Y2 Y3 m g I Y4
into (16), we can upper bound the worst-case ratio as
1,1 1 1 1 1
Y1+ 8) (& + ) e e

hi— - _hi—gs 1 hitg1
Y [(1 + B+ ﬂ%) WJ%Q) +(1+ ﬁ)h%] hl(;r&-gz) TR h1(g91+g2)

_ (1+Z%)h1+91+92 _ <1+5‘%> (h1+g1) L
hi+ g1 hi+ g1 g1

<2.

We conclude that, in the worst case, the upper bound in (26) and the lower bound from Theorem 5 are
within a factor of 2 of each other, and that this factor goes to 1 as 5 — oo. Since this bound is very
crude, we considered finding the approximate worst-case ratio between the upper bound in (26) and the
lower bound from Theorem 5 numerically. First we notice that for any choice of g1, g2, h1, ho, if we
normalize all the channel gains by max(g1, g2, h1, he) we obtain the same ratio between upper bound
and lower bound. Therefore, we may restrict our search for the worst-case ratio to the case where all
channel gains lie in [0, 1]. Thus, we considered the ratio between upper bound and lower bound for
91,92, h1,ha € {1/30,2/30,...,30/30}, and found the worst-case for several values of 3. We obtained
the plot in Figure 6. This plot confirms that the worst-case ratio is uniformly upper bounded by 2,

2.2

Numerical
worst-case ratio

—A—

Worst-case ratio
“Y wheng, =g,

1.8 \\\ ___Outer bound for
N worst—case ratio

1.6¢

1.4

1.2r

B
Figure 6: Worst-case upper bound to lower bound ratio.

and decreases to 1 as (3 increases. The ratio decreases to 1 faster than 1 4+ 1/4, but not as fast as
(1+5)/(1/2 + B) (the case where g1 = g2).

18



7 Proof of Theorem 4

Our main objective in this section is to prove Theorem 4. The main idea is to show that, in order to
achieve the minimum energy-per-bit on the network in Figure 1, there is no point in using a relay if it is
not synchronized, where the notion of a synchronized relay is formalized in Definition 2.

Recall that, in our definition of what it means for a sequence of codes to achieve an energy-per-
bit e, (Definition 1), we require that code Cj, which operates on a channel with arrival distribution
VB, transmits By, bits. In this section, it will be useful to use an equivalent definition of achievable
asynchronous energy-per-bit e;. Under the assumption that the distribution vp, is uniform over [1 :
QBBk], we obtain the following result, whose proof is in Appendix V.

Lemma 4. Suppose we have a sequence of codes {Cj,}72 ,, where code Cj, operates on a channel with
uniform arrival distribution on [1 : 2°B%) but only transmits By, — f(By,) bits, with f(-) > 0 and

lim f(By)

=0. 27
k—oo By 0 @7)

Suppose that, in addition, this sequence of codes satisfies the following:

e limy_, Pr(error(Cy)) =0

log dB
o i 5%t =0

o liminfy .. % <ep

Then, for any n > 0, this sequence can be used to construct a new sequence of codes {C}.}32 ,, where
code C;. operates on a channel with uniform arrivals on [1 : 288 I/c] and transmits By, bits, satisfying

e limj_,o, Pr(error(C;)) =0

log d,
o limy_ oo B,B’“ =0

[gcgc]
e liminfy . B S < (1+n)eyp,

i.e., {C}.} achieves an energy-per-bit (1 4 n)ey, according to the original definition.

This Lemma allows us to regard the three conditions satisfied by the sequence of codes {Cj}7° ; in
the statement of Lemma 4 as an equivalent definition of what it means for a sequence of codes to achieve
energy-per-bit ep.

In order to prove Theorem 4, we will start with a sequence of asynchronous codes {Cy} achieving
energy-per-bit e, and we will make several modifications to it, until we obtain another sequence of codes
with the properties stated in the statement of the theorem. These steps and the lemmas and theorems that
construct the proof are summarized in the diagram in Figure 7.

Our first goal is to convert any given scheme into another scheme where the transmissions by the
source are restricted to start at a few special “transmission times”, and last at most ¢ time steps. Then, if
each pair of consecutive transmission times are separated by more than ¢ time steps, at a given time ¢, if
the source is transmitting, there is only one possible starting time for the transmission block. Intuitively,
this will facilitate the relays’ task. We formally define this notion as follows.

Definition 3. An asynchronous code Cy, is said to have non-overlaping transmission blocks if there is
a set of times {t1,ta,...,t,} withty < ty < ... < t, and a transmission block length (y, satisfying the
following properties:
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Sequence of codes {C, } achieving energy-per-bit e,

w Lemma5

Sequence of codes {C,} with non-overlapping transmission
blocks achieving causal energy-per-bit =e¢,

{} Lemma 6

Sequence of codes {C, } with non-overlapping transmission blocks
achieving causal energy-per-bit = ¢, uniformly over the messages

Relay 1 (Stronger Relay)

77777777777777777777777777777777777777777777777777777777777777777

Relay 2 (Weaker Relay)

Lemma 7: For almost all arrival times, Lemma 8: Either the probability that
the probability that relay 1 uses little relay 2 uses little energy in the correct
energy in the correct block is small block is small for almost all arrival
: i | times, or it is not small for almost all
Y .1 |arrival times
Theorem 6: Relay 1 can create list P ‘
containing v, with high probability " 77777777777777777777777777777777

Theorem 4: Either both relays can
create lists containing Vs, with high
probability or relay 1 can create list
containing v, with high probability
while relay 2 stays silent

A 4

Figure 7: Main steps in the proof of Theorem 4, and informal descriptions of main lemmas and theorems.

o tivi—t;>l+1,fori=1,...,q—1

(i—=1) Ak
q
regarding edge effects), such that t; > , and if the message arrives at time v, € I;, then
the source keeps it buffered until the start of the block [t; : t; + {, — 1], where the transmissions
occur. Moreover, given that the message arrived in I;, the signals transmitted by the source during

[ti : t; + £, — 1] are only a function of the message value, and not the actual arrival time.

e The interval [1 : Ay is divided into q subintervals I; = [
Ay

+1:% vi=1,....q (dis-

e Atatimet € [t; : t; + lx — 1], the relays only need the signals received in [t; : t] to compute
their relaying functions, and the destination only needs the signals received in [t; : t] to apply its
detecting/decoding functions. If t & [t; : t; + £, — 1] fori = 1,2, ..., q, then the relays stay silent,
and the destination does not apply any detection/decoding function.

We will in general refer to the set of transmission times of code Ci as Si. Notice that a non-
overlapping transmission blocks scheme effectively induces a new message arrival distribution vp, ,
where Pr(vp, =t) = 1/|Sk| if t € Sk and Pr(p, = t) = 0 otherwise. Then we have the following
key result, whose proof is in Appendix VI.

Lemma 5. Suppose we have a sequence of codes {Cy}7° | achieving a finite energy-per-bit ey, on the
asynchronous diamond network in Figure 1. Then we can build another sequence of codes {C}.} with
delay constraint d’Bk subexponential in B), = By, with non-overlapping transmission blocks of length
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Ly, for which

E gC,’C[l:ﬂBk_‘_gk_l]
lim inf < (1+n)ey,
k—o0 Bk

Jor any arbitrarily small n > 0, and whose probability of error goes to 0 as k — oc.

Remark 1: The statement of Lemma 5 does not require the sequence of codes {C}.} to in fact achieve
any energy-per-bit, according to Definition 1.

Remark 2: Notice that the energy spent in the code C;, after time 7p, + £, — 1 is only spent by the
relays. Therefore, if somehow the relays were able to decode vp, at time vp, + ¢, — 1, they could
stop transmitting, and Theorem 5 would imply that we have a sequence of codes with non-overlapping
transmission blocks achieving arbitrarily close to energy-per-bit ey,

We will now move toward our main result for the 2-relay diamond network. Since we will be
frequently dealing with the sequence of codes constructed via Lemma 5, the following definition will be
useful.

Definition 4. A sequence of codes {C},}7° | with non-overlapping transmission blocks achieves a causal
energy-per-bit ey, if it satisfies properties 1 and 2 in Definition 1, and

lim inf (e, (1 : 7, + b — 1]]
k—o0 By

< €b,

where £y, is the transmission block length.

Remark: Consider a sequence of codes with non-overlapping transmission blocks that achieves a causal
energy-per-bit e; with delay dp, (which must be, according to Definition 1, subexponential in By,).
Notice that a message that arrives in the first half of I;, for any ¢, cannot be decoded with a delay
smaller than |I;|/2 = Ay /(2| Sk|). Since the message arrives in the first half of some I; with probability
1/2, and the error probability goes to 0, Definition 4 implicitly requires that dp, > Ay/(2|Sk|), for
k sufficiently large. Therefore, since the delay dp, must be subexponential in B, we must also have
Ay /|Sk| subexponential in By,. This fact will be used in subsequent proofs.

Lemma 5 states that we can take any sequence of codes {C}72; achieving energy-per-bit e; and
use it to build another sequence of codes {C; .} which achieves a causal energy-per-bit arbitrarily close to
ep and has non-overlapping transmission blocks. Our first goal will be to show that any such sequence
of codes can be converted into yet another sequence of codes, achieving the same causal energy-per-bit,
where either both relays decode v, exactly, or relay 1 decodes v, exactly and relay 2 is not used at all.
This way, the relays that are actually used for communication can decode vp, and stop transmitting at
time vp, + ¢}, — 1. This will allow us to convert our sequence of codes that achieve causal energy-per-bit
ep, to a sequence of codes that in fact achieves energy-per-bit e;. In addition, this new sequence will
have the property that any relay that is used must be synchronized.

In the process of proving Theorem 4, an important step will be to restrict the set of messages that can
be sent by a given code to only those with some special properties. Because of that, it will be interesting
that the energy spent by the code does not vary too much depending on the message that is sent. This will
allow us to restrict a code to only sending a certain subset of the messages without having the average
energy-per-bit change much.

Consider a code Cj, with non-overlapping transmission blocks. Now, suppose that for each transmis-
sion time ¢; we have an injective mapping ¢; : {1, ..., M} — {1,...,28%}. We will let ¢, represent
the ensemble of all these mappings, i.e., ¢ = {¢r1, k2, -, ¢k7‘sk|}. Then we have the following
definition.
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Definition 5. The restriction of code Cy, according to ¢y, denoted by C,f, is a new code with message set
{1, ..., My}, which, given that message m € {1, ..., My} (effectively) arrives at time Ug, = t;, transmits
the message ¢y, ;(m) using code Cy. The destination applies the same decoder of code Cy, and then uses
¢,;1 to decode m (declaring an error if gb,;i does not map to any element in {1, ..., My}).

We will be interested in codes Cy, for which any restriction yields a good code, as defined next.

Definition 6. A sequence of codes {Ci.}72, with non-overlapping transmission blocks that achieves a
causal energy-per-bit ey, is said to achieve a causal energy-per-bit ey, uniformly over the messages if for
any sequence of message restrictions { ¢y} we have

FE |:€C¢[1 : ﬁBk +£k — 1]i|
lim inf k
k—o0 log By

< ep. (28)

Then we have the following Lemma, whose proof is in Appendix VII.

Lemma 6. Suppose we have a sequence of codes {Cj}7° | with non-overlapping transmission blocks
achieving a causal energy-per-bit e, on the asynchronous diamond network in Figure 1. Then we can
have a sequence of codes {C,} that have non-overlapping transmission blocks, achieving a causal
energy-per-bit (1 + n)ey, uniformly over the messages, for any n > 0.

In order to show our main result, i.e., that any relay that is used may be assumed to be synchronized,
we first focus on relay 1, which is the relay that has a stronger channel from the source.

Theorem 6. For any sequence of codes {Cj.}32 for the asynchronous diamond network with non-
overlapping transmission blocks achieving a causal energy-per-bit e, uniformly over the messages, relay
1 can create a list N, C Sy which contains Up, with vanishing error probability, and has a size |Ay|
that is subexponential in By. Moreover, each t in the list is added to it no later than at time t + £, — 1.

Proof. Let é’ézi) [W(vp,)] be the energy used by relay 7 in the transmission block W (vp,) = [vp, :
vp, + ¢, — 1], when using code Cj,. Consider a sequence of non-negative numbers {e;} for which
er — 0. Let the set 7 («, Ck, €;) of arrival times be defined as

eIw (o LW (o
T(o,Cpyex) =<t €Sy : Pr M gaandM Salvg, =t] <€,
By, By,
(29)
The proof of the following Lemma is in Appendix VIII.
Lemma 7. There exists an o > 0 and a non-negative sequence {ey} with €, — 0, such that
limsup Pr (g, € T(«,Cr,€x)) = 1. (30)

k—o0

Notice that, for the @ > 0 and the sequence {¢;} provided by Lemma 7, we can actually replace
the lim sup in (30) with a limit, since one can consider the subsequence of {Cj, }3° ; for which the limit
exists and is the lim sup of the original sequence. Therefore, we will assume that (30) holds with lim sup
replaced by lim.

We will show that, if (30) holds, relay 1 can implement a list detector Ay, for vp, with probability
of error going to 0, and whose list size is subexponential in By. But first we describe a scheme in
which each relay 4, ¢ = 1,2, implements a list decoder Ay, ; for vp, based on its transmit signals X;(t),
t=1,..., Ay + dp, — 1, and we show that the probability that both decoders make an error at the same

é E[gck [LDBk +€k71]]

o transmission

time goes to 0. The list decoder Ay ; for Up, selects the first Ny,
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blocks where the energy consumed by relay ¢ is at least a5y, and lists the corresponding transmission

times. Let Sé:)[l : g, + (i — 1] be the total energy consumed by relay i up to time vp, + ¢ — 1.

Notice that, if
Sé:i)[l cop, + 4 — 1] < BpE [Ec,[1 : B, + ¢ — 1]] and (31)
g((in)[W(’;Bk)] > Bya, (32)

k

£V W (7s,)] o

—1 ..
- > — = N, . Moreover, there can be at most N;, transmission
5((37;)[1517Bk+£k_1] E[Sck [1:1/Bk+fk—l]] k k

then

N T S .
blocks W (t;) in [1 : Up, + ¢} — 1] satisfying BG L > N, *, which implies that, if (31) and

D) -
c g [1:I/Bk+£k71]
(32) are satisfied, the list decoder A, will be coﬁrect, i.e., Up, € Ay. The probability of error at both
decoders is then given by

Pr(error at Ay 1 and Ay 2) = Pr(¥p, ¢ Ax1and U, & Ay o)
< Pr [(5§21)[W(53k)] < aBLUES(L: i, + 6, — 1] = ByE[Ec,[L: o, + 6 — 1}])

N <€é:2)[W(ﬁBk)] < aByUESH(L: g, + 6, — 1] = ByE [Ec,[L : i, + € — 1]])}

@) r _ r N
< Pr[(E80 W (op,)] < BN LW (73,)] < By
U (&850 7, + = 1] = ByE €, [1: 7, + £, —1]])
U (5210 s 7y + 0 = 1] = ByE [, [1: 73, + 6 — 1]]) |
< Pr (ggj)[vv(ﬁBk)] < aBy, NESY W (op,)] < aBk>
+ 2Pr (gck[l 1UB, + £y — 1] > BiFE [ng[l 1UB, + 4 — 1]])
(i) r _ r N
< Pr <Sék1)[W(uBk)] < aB, N ELY W (ip,)] < aBy,
+ Pr (173,c ¢ T (a,C,€)) +2/Byg

ﬁBk S T(Oé,Ck, 6k)>

(iii)

< 2/Bp+ e+ Pr(vp, & T(a,Cper)), (33)
where (i) follows by noticint that if we have four events Ay, A2, By and Bs, then (A1 U B1)N (A2 U Bs)
implies (A1 N A2) U By U By, (i4) follows from Markov’s inequality and (4i7) follows from the fact that

Pr (Sézl)[W(ﬂBk)] < aBpN 5é:2)[W(ﬁBk)] < aBy ﬂBk € T(a,Ck, Ek)>

= > Pr(ip, =t|ip, € T(a,Ch &)
teT(a,Ck,ek)

Pr (5§:1)[W(53k)]/3k < aand £52 W (7,)]/ By < a ( g, = t) < e
Therefore, since Pr (g, ¢ T (o, C, €x)) — 0, we have that Pr(error at Ay, ; and Ay 2) — 0.

Next, we want to use a similar argument to show that relay 1 can implement by itself a list detector
with a list size linear in By, and probability of error going to 0 as & — oo. In order to do that, notice that,
since the channel gain from source to relay 1, gi, is stronger than the channel gain from source to relay
2, g2, relay 1 can “virtually” simulate the received signal of relay 2, and then simulate the output of the
relaying functions of relay 2, thus being able to implement the list decoder based on the transmit signals
of relay 2 as well. To simulate the received signal at relay 2, relay 1 multiplies its received signal by
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\/92/¢1 and then adds a Gaussian noise with variance 1 — g2 /g to it. It is easy to see that the resulting
signal has the same marginal statistics as the signal received at relay 2.

Assume that X5 (t) is the signal that would be transmitted from relay 2 at time ¢ according to relay
1’s simulation. Relay 1 can use the list decoder A, = Ay 1 Uf\k,g, where Ak,g is the list decoder based on
Xg(t), t=1,..., Ay +dp, — 1. Notice that X, has the same distribution as X, but the joint distributions
of (X1, X2) and (X7, X 2) are different, which is why the previous argument does not work to show that
the error probability of this list decoder goes to 0. In particular, if we let éézz) [W (7B, )] be the energy
used in the simulated signal X5 in the window W(vp,) = VB, VB, + dpB, — 1], we cannot say that if
te T(a, Cr, ek) then

A~

8(7'1) W (v g('f'2) W
Pr ( Cr (W (vB,)] < aand Cr (W (vB,)] <a
By, By,

B, = t> < €.

To solve this problem, we start by noticing that we can write, for t € T («, C, €x),

W (o W (v
EkZPI“(Ck[B(Bk)]Saandck[(Bk)]Sa vp, =t
k k
2Bk (r1) ~ (r2) ~
i & W (v W (v
(:) Z 2ka P ( Cp, [ ( Bk)] S o and w S o I;Bk = t’ m is Sent)
m=1 k k
2Bk (r1) ~
(ii) B &, W (B, 3 .
= 2Pk P < = 4
n; r ( By < a|vp, =t,mis sent (34)
2w (o
xPr( Ci W(75,)] <« ﬁBk:t,missent)
By,
£ W (75, 2
> mz:IQ_Bk ]g{%g} Pr CkB—kk < «a|bp, =t,missent , (35)

where (i) follows from the independence of 7p, and m, and (ii) follows from the fact that, given 7,
and m, X; and X5 are independent. Now we notice that

£V IW (7p,)] EP W) |
Pr(’“BkkSaandkBkkSa I/Bk:t
2Bk (r1) ~ 5(12) ~
& W (o E W (o
:22_BkPr M<aandM§a vp, = t,mis sent
= By, k
2Bk (7’) ~
EV W (v
< mZ:l 2 Bk ]g{lig} Pr C'“[Bkw <a|bp, =t,missent | | . (36)

From the Cauchy-Schwarz inequality, for any numbers a1, ..., aps, we have
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Thus, we can combine (35) and (36) to obtain

e w (o Ew (o
Pr( Ci, [Bk( Bk)] < oand Ck, [Bk( Bk)] <al|ip, =t
68 1W (s, 2
< Z 2~ Bk H{lir;} Pr C’“B—k < a|Ug, =t, missent < €. (37)
m=1 A k

Now, using (37), it is possible to repeat the same steps we used in (33) to obtain
Pr(ip, ¢ Ak UAr2) <2/Bi+ /e + Pr(ip, ¢ T(a,Cr,er)),

and we conclude that Pr(p, ¢ Ag 1 U Akz) — 0. This implies that the list decoder implemented by
relay 1 alone, which has list size 2dp, F[E¢,|/a (which is subexponential in By), contains vp, with
vanishing error probability. O

Notice that the result above implies that, in the case where g; = g2, both relays can implement the
list decoders for g, , and each of them will have vanishing error probability.

In Theorem 6, we learned that in any scheme that achieves a finite causal energy-per-bit, relay 1 can
approximately decode v, with vanishing error probability. Next we address relay 2, the weaker relay.
Similar to what we did in Theorem 6, we will define the set of arrival times

B, = ti) < €k} ) (38)

where Sj, is the set of transmission times of code Cy and W (vp,) = [Up, : Up, + ¢k — 1] is the
transmission block associated to g, . As in Theorem 6, where we used Lemma 7 to characterize the
asymptotic behavior of Pr[vp, € T («,Cy, €x)], we have the following result.

LW (op,)]

B(aacka6k> = {tz S Sk : Pr (Ck <
By,

Lemma 8. Suppose we have a sequence of codes {Cy}7° | achieving a finite energy-per-bit ey, on the
asynchronous diamond network in Figure 1. Consider any a > 0 and any non-negative sequence {¢y},
with €, — 0. Then, for any n > 0, we can have a sequence of codes {C}.} achieving a causal energy-
per-bit (1 + n)ep uniformly over the messages that have non-overlapping transmission blocks, and for
which one of the following is true:

(a) limsupy_,., Pr (7B, € Ta(a,Cr, er)) = 1,
(b) liminfy_,o Pr (7p, € To(a,Cr,ex)) = 0,
where Ta(a, Cy, €r) is defined in (38).

Lemma 8 will be the basis of the proof of Theorem 4. Intuitively, if a sequence of codes satisfies (a)
then relay 2 should be able to approximately decode the arrival time v, . Otherwise, if (b) is satisfied,
then we can find yet another sequence of codes which does not use relay 2 and achieves the same
energy-per-bit. We can now prove Theorem 4, which we restate here.

Theorem 4. Suppose we have a sequence of codes {Cj.}3° | achieving a finite energy-per-bit e, on the
asynchronous diamond network in Figure 1. Then we can achieve arbitrarily close to the energy-per-bit
ep with a sequence of codes {C, } for which one of the following is true:

(a) Relay 1, for i = 1,2, can create a list A,(g”) C [1 : Ak] based on their received signals, such that

)

vB, € Agni with vanishing error probability and list size ]AS«")] subexponential in By,
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(b) Relay 1 can create a list A,(crl) C [1 : Ag] based on its received signals, such that vp, € A,(fl)

with vanishing error probability and list size ]Agl)] subexponential in By, and relay 2 is inactive
(i.e., does not transmit any signal)
Proof. Fix some o > 0 and some non-negative sequence {e } with e, — 0. We start by using Lemma 8

in order to assume that our original sequence of codes {C}, }7° ; has non-overlapping transmission blocks
of length ¢, achieves a causal energy-per-bit e, uniformly over the messages, and satisfies either

klim Pr(vp, € Ta(o,Ck,€ex)) =1, 0r (39)
—00
klim Pr (vp, € Ta(e,Ck,€x)) = 0. (40)
—00

Notice that the lim sup and lim inf in the statement of Lemma 8 can be replaced by limits by simply
restricting {C}.} to the corresoponding subsequences. Also notice that, if the set of transmission times
for the code Cy, is given by Sy, our delay for {Cj, } 72, is at most 2% + ¢, which must be subexponential
in Bk.

We consider case (39) first. We follow very similar steps to those used when we created the list
decoder for the relays in Theorem 6. Relay 2 will use its transmit signals to implement a list decoder Ay,
for g, with probability of error going to 0, whose list size is subexponential in Bj,. Since each effective
arrival o, corresponds to exactly éﬁ actual arrival times v, , we see that the list decoder for 7, can

then be converted to a list decoder for v, with a list ’;—: times longer. Since “g—:‘ is subexponential in
By, so is the size of the list for the resulting list decoder for the actual arrival time vp, .
a Elée, [1:vp, +:—1]]

The list decoder Ay, for vp, selects the first [V o transmission blocks where
the energy consumed by relay 2 is at least By, and lists the corresponding transmission times. Let

ng) [1:Dp, + {; — 1] be the total energy consumed by relay 2 up to time g, + £, — 1. Notice that, if

VPN o, + b, — 1] < BRE[Ec,[L : g, + 6 — 1]] and 41)
e8P W (7p,)] > Bra, (42)
5(7'2) W
then (Tc)’“ M & = N 1. Moreover, there can be at most N, transmission
52 i, +0—1] Eléc, [1:0p, +0,—1]]

€<T2) W(t;
blocks W (t;) in [1 : &g, + £, — 1] satisfying G o, W) > N, !, which implies that, if (41) and

2) 1.5
Cy [ll/Bk—l-fk—l]
(42) are satisfied, the list decoder Aj, will be Cor;ect, i.e., U, € A. The probability of error of the list
detector is thus given by

Pr(ip, ¢ Ay) < Pr (5@?[1 g + O — 1] = BLE [Ec[L: v, + 0 — L] UESD W (9p,)] < Bka)
< Pr (gg; (W (ip,)] < Bka> +Pr (5};; D12 i, + 0, — 1] > BuE [Ee,[1: v, + U — 1]})
< Pr (€47 (W (55,)] < Bya) + Pr(Eq,[1: g, + i — 1] > B [Ee,[1: i, + s — 1])
< P (£ (53,)] < Bua |75, € ol Crocr) + Pr (75, ¢ Tales. Coocr) +1/5,

g) 1/By, + €, + Pr (g, ¢ Ta2(a,Cr,€r)) (43)

where (i) follows from Markov’s inequality and (iz) follows from the fact that

Pr (EéTQ)[W(ﬁBk)} S OéBk ‘ ﬁBk S 7-2(Oé,Ck, ek))

k

= Z Pr(vp, =t|vp, € Ta(a,Ck,ex)) Pr (5<(322)[W(17Bk)] < aBy, ‘ vp, = 75) < €.
tEB(a,Ck,Gk)
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Since we are in case (39), we have Pr (¥p, ¢ T2(c,Cg, €r)) — 0, and therefore Pr(vp, ¢ Ay) — 0.
Moreover, since g1 > go, we know that, by adding some extra Gaussian noise to its received signal,
relay 1 can simulate the received signals at relay 2, and compute what the output of relay 2 would have
been at each time ¢. Thus, relay 1 can create a list decoder for g, based on the simulated output of
relay 2, and since it will be statistically equal to the actual list decoder from relay 2, its error probability
will also tend to 0 as k — oo.

Now, we need to take care of the fact that our codes only achieve causal energy-per-bit e;. To fix this,
we will use the fact that both relays are approximately decoding the effective arrival time v, (they have
a list of subexponential size in B}, containing v, with high probability), to improve the coding scheme
such that both relays can decode vp, exactly. In order to do that, we will have the source transmitting a
pulse after the transmission block. Define Uy, £ 2Bye;/a. Notice that the fact that {Cr}32, achieves a

causal energy-per-bit e; implies that lim infj,_, N < & This, in turn, implies that for a subsequence
gy-p p By, o p q
QBk - €p

of codes {ij N, kg S —a— = U, ;- Therefore, we will restrict ourselves to this subsequence and drop

the notation £; for simplicity. We will have the source transmitting a pulse of magnitude

41n Uy
g2

at time vp, +{},. Notice that this time was previously not used by the scheme due to the non-overlapping
transmission blocks requirement that t;11 > t; + £; + 1. The relays, after adding a transmission time #;
to the list, use a threshold detector at time ¢; + £}, with threshold /4 In Uy, If a pulse is found at ¢; + ¢},
the relay declares ﬁgk = t;, and stops transmitting after that point. This way, we will be converting our
scheme that achieves a causal energy-per-bit e, to a scheme that actually achieves an energy-per-bit e.
However, a further modification needs to be made, before we can bound the energy used by this code.
We let L, be the event that both relays correctly detect the pulse, thus decoding vp, correctly. We also

let A,(;i) be the list decoder from relay ¢. Then we have

Pr(L;) = Pr(ip, ¢ A,(Cm Uup, ¢ A,(:2)) + Pr(error in pulse detection N p, € A,(Jl) Nip, € A,(J?))
<2Pr(vp, ¢ Ag?)) + Pr(error in pulse detection|p, € A,(Crl) Nog, € A](fz)),

and, from (43), we know that the first term tends to 0 as £ — oco. For the second term, we have

Pr(error in pulse detection|vp, € A,(fl) Nop, € Ag?))

< Pr [Elt A i=lori=2t#0p, : Yi(t+0) > \/41nUk]
+Pr [Yi(ﬁBk ) < /4AInUy,i € {1,2}}
< 2|Ay| Pr [Z > \/41nUk] +2Pr [Z < —\/4ank}

< 2Upe 2Uk 9e=2IUs — 271 4 U?), (44)
and we conclude that Pr(Z;,) — 0 as k — oo. Then we define v, = Pr(Ly), and we will have both
relays stay silent in the last |/7|.Sy| transmission blocks, where S}, is the set of transmission times. It is

easy to see that the probability of error of the resulting code still goes to 0 as £ — oo. Since the relays
stop transmitting after detecting a pulse at time ¢; + ¢ for ¢; € Ay, we can now bound the energy used
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by the resulting code C;, as

() . -
E [EC]’J < FE [gck[l 1 vp, + b — 1” + F [gck [VBk R t(1—m)\5k\—1 + b — 1]]

ii . 161In U, - — —
(:) E [8Ck[1 1 vp, + by — 1” + % K + FE [gcllc [VBk + £y, - t(l—\/’ﬁ)|5k|—1 + £y, — 1}’ Lk:| PI‘(Lk)
(ii1) . 161nU; N .
< El&[1:vp, + 0, —1]]+ . "+ E {Eck[l g, + U — 1]| B, > t(kﬁ)\sm} Vi
161In U, ElE:11:D l, — 1

< Bl : ip, + 0 — 1)) + ok o Eleall: o, b~ 1)

92 Pr(vp, > ta— /p)is,))

- 16 In Uy,

=1+ w)E [, [1: By, + Ll —1]] + PR (45)

where (7) follows because, up to time g, + ¢, — 1, the energy used by code C}, is the same as the energy
used by Cy, unless a pulse is incorrectly detected, in which case it is less; (i7) follows because the energy
spent from time g, + {}, on is the energy used in the pulse and then either O if the pulse is detected,
or the energy that would be spent otherwise; (iii) follows from the fact that C;, has non-overlapping
transmission blocks, and, if the pulse is missed, C,’f behaves as C;, would have behaved if the message
had not arrived yet. Now, since the sequence of codes {Cj,}?° | achieves a causal energy-per-bit ey, it is
easy to see that

lim inf r {50;6}

k—o0 k

< €b,

which means that C; achieves an energy-per-bit e; with both relays decoding the effective arrival time
vp, exactly. Therefore, this decoder for 7, can be converted into a list decoder for vp, with a list of
size é—:l which is subexponential in Bj.

The previous arguments imply that if, for some o > 0 and some non-negative sequence {ej} with
e, — 0, we have (39), then the sequence of codes {Cj,};2, can be converted into another sequence of
codes achieving the same energy-per-bit where both relays can have a list decoder A;, for vp, (where
|Ax| is subexponential in By) with vanishing error probability. In this case, we fall into case (a).

Therefore, for case (b) we only need to consider sequences of codes {C}}, such that for all « > 0
and all non-negative sequences {ex} with ¢, — 0, the sequence of codes built according to Lemma 8
satisfies (40). Thus, we assume that, for any & > 0 and any {e;} with ¢, — 0, we have a sequence of
codes {Cj,} 2, achieving the same energy-per-bit e;, for which (40) holds.

Our main modification will be to restrict the messages that our code Cj, can send. First we consider
the set

Lo(a,Cr, 1) = {t ¢ Ta(a, Cr, ex) : Pr (error(Cy) |ip, =) < /Pr (error(Ck))}.

To simplify the notation, we will refer to the sets T2(cv, Cy, €x) and La(cv, Ck, €k ) by simply T2 and Lo.
We notice that

Pr (error(Cy)) > Pr (error(Cy) |vp, ¢ T2) Pr(vp, ¢ T2)
> Pr (error(Cy) [V, & T2,0B,, & L2) Pr (s, & Lo|p, & T2) Pr(vB, ¢ T2)
Z Pr (error(Ck)) Pr (ﬁBk §7_f ﬁg’ﬁBk ¢ 75) Pr (I;Bk §é 7-2) s
which implies that
Pr (ﬁBk ¢ £2) =Pr (I;Bk ¢ £2|ﬁBk §é 7-2) Pr(ﬁBk §é 7-2) + Pr (ﬁBk ¢ £2|ﬁBk € 7-2) Pr(ﬁBk € 7-2)

< /Pr (error(Cy)) + Pr(vp, € T2). (46)
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From (40), (46) and the fact that Pr (error(Cy)) — 0 as k — oo, we conclude that

k:hm Pr (ﬁBk € Eg(a,ck,ek)) =1. A7
—00

We will now use the set La(, Ck, €x) to define the messages that can be sent by our code. Since the

sequence {¢ } with e, — 0 can be chosen arbitrarily, we fix it to be €, = max(1/By, {,1/ 8), where we
define £, £ Pr (error(Cy,)). If the set of messages for code Cy, is M = {1,2,..., 25}, then we will let,
for each t € Lo(av, Cy, €x),

<«

o= {70
By,

vp, =t,mis sent) > %k } . (48)

In order to lower bound the size of M, we notice that, for t € Lo(c,Cy, €x) C Sk \ Ta(v, Cy, €x),

e < Pr (52 W(7s,)] < aBy ‘ 7, =1)
28k

= Z 2Bk pr (EC(ZQ)[W(ﬁBk)] < aBy ‘ vp, =t,mis sent)
m=1

= Z 27 Bk pr <5é:2)[W(DBk)] < aBy, ’ vp, =t,mis sent)
meM;

I Z 9~ Bk py (EéZQ)[W(ﬁBQ] < aBy, ‘ vp, =t,mis sent>
mgMy

<IMuf2 P 4 (2P — [Mef) 2P < (M2 4
Therefore, we have
M| > QBk%’“. (49)
Next we notice that for any ¢ € Lo(«, Cy, € ), we have
5,1/2 > Pr (error(Cy) |Up, =1)

> Pr (error((,’k) ‘5& (W (ip,)] < aBy, g, = t) Pr (5§: D [W (ip,)] < aBy ( Dp, = )

> Pr (error(Cy) ‘Sézz)[W(ﬂBk)] < aBy.ip, =t) e, (50)
which implies that

1/2
Pr <error(Ck) ‘gézz)[W(DBk)] < aBy,vp, = t) < glzk < 52/8_ (51)

We can now write
52/8 > Pr (error(Ck) ‘Ec(.ZZ)[W(ﬁBk)] < abBy,vp, = t)

> Z Pr (error(Ck) ’Eé;Q)[W(ﬁBk)] < aBy,vp, =t,mis sent)
meM;

% Pr (m is sent ‘sc(jf)[W(ﬂBk)] < aBy,ip, = t) . (52)
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Then we notice that, for any m € My, fort € Lo(«, Ck, €k ), we have
Pr (m is sent ‘SéZZ)[W(DBk)] < aBy,vp, = t)

Bk‘ mis sent , g, = t) Pr(missent|vp, =1) .

Pr (£8P W (7p,)]
_ (C’“ ’ >§2—Bk. (53)

<
< (TQ VBk < OéBk‘ VB, = t)

Now, if we define
51/4
M, = {m € M;:Pr (error(Ck) ‘SéZZ)[W(ﬁBk)] < aBy,vp, =t,mis sent) ” } ,

we can use (52) and (53) to obtain

53/8 ko= By Z Pr (error(Ck) ’(‘:éZQ)[W(ﬂBk)] < aBy,vp, =t,mis sent)

-2
meMy
2 %273]“ Z Pr <error(Ck) ‘5&2)[W(DBk)] < abBy,vp, =t,mis sent)
mEMt\M;
51/4
> 527 P M\ My 82— > 27 B M \ My g
and, thus,
3/8 5.
M\ M| < Sk_oBi < oBe 19 |M|>2Bk S 2
1/4 4 4Bk
4¢,
Moreover, for any m € M}, we have
! 1/8
Pr (error(Ck) ‘5((:;2)[W(53k)] < aBy,vp, =t,mis sent) < 8’;7 < 851@/ ’ (54)

which goes to 0 as k — oo.
For any effective arrival time op, = t; € La(«, Cy, €;), we can fix a mapping ¢y, ; from {1, ..., Z%’Z}

.. 9B . B .
onto a subset of M} with i?'; messages. We will choose the i?i messages m with the smallest values
of

Pr (error(Cy) |Up, = t,mis sent),

and we will call this subset MQ’ . Notice that this choice implies that, for m € MY,

4B
Z ——k py (error(Cy) |Up, = t,mis sent) < Z | M|~ Pr (error(Cy) |7p, = t, m is sent)

B
meMy 20 meM;
< Z | M|~ Pr (error(Cy) |7p, = t,m is sent)
meM
= 28| M|~ Pr (error(Cy) |p, = t)
< 4e;, 7 Pr (error(Cy) |7, = t). (55)

. o S . B
For an effective arrival time op, = t; ¢ La(«, Cr, €;), We fix any injective mapping ¢; from {1, ..., Z?';}

onto a subset of M with % messages. We will build code C;, with B), = Bj —log4Bj, as the
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restriction of code Cj, according to ¢. We can now upper bound the error probability of this new
scheme as

|Sk|
Pr (error(Cy,)) = Z S| ! Pr (error(Cy,) |7p, = t;)
=1
< Pr(ip, ¢ L2)+ Y |Se|™' Pr (error(Cy) |7p, =t;)
t;€Lo
= Pr(ip, ¢ L S4Bk p Ci) 7B, = i
=Pr(ip, ¢ L)+ > |l 55, Pr(error(Cy) |7, = ti,m s sent)
ti€L2 meM;,

(i)

< Pr(ip, ¢ L) +4e," Y |Se| ™ Pr(error(C) |75, =t)
t; €L

< Pr(ip, ¢ L2) +4¢;" Y S| ~! Pr(error(Cy) |75, = ti)
tq;ESk

= Pr(ip, ¢ L2) + 4, ' Pr (error(Cy))

< Pr(ip, ¢ Lo) +4¢5,

where () follows from (55). Thus, Pr (error(C},)) — 0 as k — co. Moreover, the restriction C;, achieves
a causal energy-per-bit

: fE Ecllc[l:ﬂBk—f-fk—l] : fE 5%[1153k+€k—1] /B (i)

. EERTIN &

i — g, e mm = o
&

where (i) follows since the sequence of codes {Cj, }7° ; was assumed to achieve causal energy-per-bit e;
uniformly over the messages. We will now consider using code C;, in the network in Figure 8.

Figure 8: Contracted two-relay diamond network.

In this network, the source possesses two antennas, A; and As. This network should be thought of as
the previous diamond network when we allow the source and relay 2 to cooperate. Therefore, it is clear
that any code used for the diamond network in Figure 1 can be used in the network in Figure 8 by simply
having the source simulate the received signals at relay 2 and using its relaying functions to compute the
transmit signals for As. Clearly, the error probability and the expected energy when applying Cy, to this
new network are identical to those for the original network.

Working in the network in Figure 8, the first modification we can make to the sequence of codes {C; }
is to have them achieve energy-per-bit e, rather than causal energy-per-bit e;,. This can be done since,
according to Theorem 6, relay 1 can have a list decoder for vp, with a list size that is subexponential
in By. Let Ay be this list, and Uj, a subexponential function of By, satisfying Up, — oo as k — o0
and |Ag|/Ur — 0 as k — oo. Similar to our previous argument, we can have the source send a pulse

of magnitude 2,/41Uk

at time g, + ¢, and have relay 1 use a threshold detector with threshold
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v4In Uy, at time t; + {y, as long as t; was added to the list. If the pulse is detected, relay 1 can halt its
transmissions. Moreover, since relay 2 and source are now together, relay 2 can stop its transmissions
at time g, + /), without having to detect any pulse. We call the resulting code {C,’c’ }. Following (44),
it can be shown that the probability of error in decoding v, at relay 1 goes to 0, and by following the
argument in (45), it can be shown that our modified sequence of codes {C;} achieves an energy-per-bit
ep, and allows relay 1 to decode vp, exactly with vanishing error probability.

The next modification we will make is to allow A to stay silent up to time 7p,. Notice that this
does not happen when we use code C;, in the network from Figure 8, since the source is simulating what
relay 2 would be sending during each transmission block on the actual diamond network. However, it is
intuitive that the signals transmitted up to the time of the effective arrival time v, are “useless” to the
destination since they are independent of the actual message, and all they may be doing is preventing
the destination from making a false alarm at the end of a transmission block prior to 7g,. In order
to fix that, we notice that, during transmission blocks prior to g, , all the source is doing is drawing
noise sequences for the received signals at relay 2, computing the corresponding outputs for relay 2 and
transmitting them on As. Therefore, we will draw | S| i.i.d. (0, 1) noise sequences of length ¢, prior
to the communication session and share them among source and destination. This way, instead of source
transmitting what relay 2 would have transmitted on a transmission block before /g, on antenna A,, the
destination can compute what relay 2 would have transmitted during the transmission blocks and add
that (multiplied by v/h2) to its received signal. Notice that, during the transmission blocks prior to U, ,
the statistics of this modified received signal at the destination will be the same as in the code C}/, and A,
will not be transmitting anything. However, we need to be careful once we get to the actual transmission
block W (7, ). Since the destination does not know g, , it will once again add to its received signals
the contribution of what relay 2 would have transmitted if it had received just noise. To compensate for
this, recall that the noise sequences used by the destination to compute the contribution of relay 2 were
shared with the source. Therefore, the source can compute the output of the relay as well, and transmit
its opposite on As, thus cancelling the addition done by the destination. Notice that the result of this
operation is that antenna A will stay silent in all the transmission blocks, except for W (75, ). However,
Aj will utilize (possibly) more energy during W (g, ) than it would have in code C}/, since it will have
to add to its transmit signals a compensation sequence, i.e., a sequence of signals that will cancel the
effect of the addition performed by the destination. Later we will show that this extra energy is in fact
negligible.

Now we need to describe the signal that the source will send on Ay during W (g, ). If the effective
arrival time is op, ¢ La(a,Cy, €1), then Ay will remain silent. If the effective arrival time is 7p, = t;,
fori > (1 — B ")|Sk|, A2 will also remain silent. This will likely cause an error, but notice that, from
(47), the probabilities of these two events goes to 0. Moreover, this modification can only decrease the
energy used. If the effective arrival time is op, = t; € La(a,Cy,€;) and i < (1 — Bk_l)|5k|, then
the source will repeatedly simulate what the output of relay 2 would have been during W (7, ) on the
diamond network from Figure 1 using code Cy,, until it finds one output signal sequence X ‘#, satisfying
Zfi 1 Xl? < aBj. Notice that, from (48) and the fact that the non-overlapping transmission blocks
imply that the distribution of the transmit signals of relay 2 in W (#p, ) is independent of the previously
received signals, it should be possible to find such output signal. Moreover, notice that simulating the
source repeatedly until finding such an output signal is equivalent to drawing an output signal from the
distribution of X[W (Up, )] of relay 2 conditioned on the fact that 7, = t; and 50(22) (W(vp,)] < aB.
The source will thus find such an output sequence, and transmit it on As together with the compensation
sequence we mentioned previously. Therefore, for any effective arrival time vp, = t; € La(«,Cy, €k)
with i < (1 — B, 1)|Sk|, since the message we will be sending is from MyY., we have that the error
probability will satisfy (54). Now, if we let

EIQ(Oé,Ck,Ek) = {t’L € EQ(a7Cka€k) 11 < (1 - B_l)‘5k|} )
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it is clear that we have
Pr (77Bk ¢ L(a, Cy, ek)) — 0,as k — oo.
Thus, the error probability of this new code, which we will call Cg ! satisfies

Skl
Pr (error(Cy")) Z S| ! Pr (error(C}') |p, = t;)
=1
=Pr (ﬁBk ¢ £/2)

+ Z Z |Sk|™ 1—Pr (error(Ck) ‘géZQ)[W(ﬁBk)] < aBy, g, =t;,mis sent)

ti€Ly mEMY,
(i) 4B
< Pr(om gL+ Y > IS rse
t;€L), meM”Z
[Sk| s
=Pr(ip, & L) + Y1571 8¢)
=1

(Z/Bk ¢ E') + 851/8,

where () follows from (54). We conclude that Pr (error(C;’)) — 0, as k — co. We will let Eéﬁjl,l’ )

be the energy spent by code C;" at antenna A; and relay 1. Notice that antenna A; and relay 1 perform
exactly as the source and relay 1 perform when code C;/ is used. Therefore we have

Eleir)] = B el ] < B e (56)

Now we need to compute the expected energy consumed by antenna Ay. Let V' € R be the compen-

sation sequence that is added to the transmit signal of A during W (o, ), and let X € R’* be the actual
transmit signal that the source draws, satisfying || X |2 < a.B, to be transmitted on Ay. Then if £ éﬁi‘,"’)
the energy used by A, we have

B [e4?] = B [£52 W (5,

<E[2) X7+2) V7

L =1 =1
=2E [|X|*] + 2E [|IV|’]
<2aBy +2E[|V|?]. (57)

In order to upper bound the value of E [||V[|?], we recall that, if 75, = t;, V is a shared random
sequence that was drawn as the output of relay 2 during W (¢;), assuming that only noise was received
atrelay 2, i.e., assuming o, > t;. Moreover, if g, = t; withi > (1 — B;1)|Sk|, since A, stays silent,
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we have ||V]|? = 0. Thus we obtain

(1-B; )|Sk|-1

Yo ISTENIVIP o8, = ti]
i=1

— -1 (r2)rq . 5

E (V]

< IS B &

VB, = t(l—B,:1>|sk\]
E e
Pr (ﬂBk > ¢

E [5%,}
B!

< IS

(1—3;21)|Sk-|>

= | S|

= |Sk| ' ByE [50;;} (58)

. . . . BBy, . .
Notice that | S| is exponential in By, (since ﬁ = 2\STT is subexponential in By,) and thus ]Sk]_lBk —0

as k — oo. Therefore, the energy-per-bit used on antenna A, satisfies

. E [l 0 fZaBk+2]Sk\_1BkE =
. o
oo Bi —log 4By — oo By, — log 4B,

E[s}
2¢ 1 Ci
— liminf — 0 1+ 2[5,/ 'B

pii 1_%+"“| -l B,

D 94, (59)

where (i) follows from (57) and (58), and (ii) follows from the fact that |Sy,|~* By — 0 as k — oo, and

liminfy_ oo E [ch] /By < ep. Clearly, we can find a subsequence of codes {C,’C/J’ 221, for which the

lim inf in (59) holds as limit, and for which £ [5(?}?)} < 3a(By, —log4By,) < 3aBy,. Thus, by only
kj

keeping the codes in {C,;’]’ }, we conclude that the sequence of codes {C}'} can be used on the network

in Figure 8 with the addtional constraint that any sequence of codes {C, } 32, satisfies

E e8] < 30, (60)

Intuitively, if « is very small (recall that we could have fixed a > 0 arbitrarily small), antenna A5 should
not be very useful for the scheme. This idea is captured in the following Lemma, whose proof we present
in the Appendix.

Lemma 9. Consider the network shown in Figure 8 in the asynchronous setting. Suppose a sequence of
codes {Cy;}72  satisfies (60) and achieves a finite energy-per-bit. Then we must have

lim inf El[ggc’“] > (14 p) <1 + 1) — f(a),

k—o0 k [1 h1

where f(«) is a function satisfying f(a) — 0 as a — 0.

Then we notice that the sequence of codes {C;”}, once restricted to the subsequence {C,’;J’ , achieves
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an energy-per-bit
E [gey] E el ™| + B el
1- . f — 1- . f k k
i B —log4By e B, — log 4By,
E [eb]

E [5("‘2)}

"
ck

< liminf —Lt k1 L ; L% 1
e el S Fy - M PG PN
(1,) E |:£c(§lyrl):|

< liminf k + 2«

k—ro0 Bk — 10g 4Bk
(i2)
< e+ 3a,

where (i) follows from (59) (since the lim inf can be replaced with the limit) and the fact that A; and
r1 perform identically in code C;” and C}/; and (ii) follows from the fact that code C}/ achieves an

energy-per-bit e, on the network in Figure 8. Therefore, by applying Lemma 9, we conclude that
1 1
e 21 +p) | —+ .~ |~ fla) -3a
g h
Since this inequality should hold for any o > 0, we may let o — 0 to obtain
1 1
ep > v(1+ < + > .
V(1+5) P
Finally, we consider the energy-per-bit that can be achieved by using only relay 1. Once we remove relay
2, the network can be viewed as two concatenated point-to-point channels, i.e., the relay first functions

as a destination for the first hop, and then as a source for the second hop. The minimum energy-per-bit
for these channels, according to Theorem 1, is respectively

(1 +B) and L8
g1 hi

Moreover, since the communication delay in each hop can be made subexponential in By, the total delay
(the sum of the two) will still be subexponential in By. Therefore, we conclude that the scheme using
only relay 1 achieves the same or smaller energy-per-bit than the scheme using both relays, and we are
in case (b). This concludes the proof of Theorem 4. ]

8 Concluding Remarks

In this work we started studying the fundamental limits of energy-efficient communication in relay
networks with bursty traffic. For the diamond relay network, we showed that the minimum energy-
per-bit can be achieved with codes where each relay is either synchronized or not used. Intuitively,
this result should not be surprising. The idea is that a relay that is not synchronized will most likely
waste energy outside of the actual communication block and harm the achieved energy-per-bit. This
result was then used to derive a lower bound for the asynchronous minimum energy-per-bit for the
diamond network which allows us to prove that separation-based schemes are nearly optimal in high
asynchronism regimes.

But the intuition that a relay that is not synchronized cannot be helpful from an energy-per-bit point
of view extends beyond a simple diamond network. Thus, it seems reasonable to expect that a result
similar to Corollary 1 holds for general wireless networks. Such a result would have interesting conse-
quences. It would essentially imply that a separation-based scheme that synchronizes a certain optimal
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subset of the relays can achieve close to the asynchronous minimum energy-per-bit. Moreover, it would
raise the questions of how to find the optimal subset of relays to be synchronized and what the correct
strategy for synchronization is. In a large non-layered network, it is not even clear in what order the
relays should be synchronized.

However, it should be noted that the techniques used to prove Theorem 4 cannot be easily extended
to larger networks. In particular, we notice that Lemma 9 essentially implies that if we have a code
where relay 2 uses very little energy, then it is possible to come up with a new code where relay 2 is not
used at all. In order to prove that, we used the fact that the capacity (and, thus, the minimum energy-
per-bit) of two concatenated point-to-point AWGN channels is known. However, even if we just wanted
to extend this result to an N-relay diamond network, we would no longer be able to prove such a result,
since the capacity of the (N — 1)-relay diamond network is not known. Therefore, new techniques must
be developed in order to prove that a relay that uses a negligible amount of energy-per-bit can in fact be
turned off, without affecting the performance of the coding scheme.

Appendices

I Proof of Theorem 1

Theorem 1. For an asynchronous AWGN channel, the minimum energy-per-bit is given by
€2 = (14 H)ep™.
where H = liminfs_, o H(vp,)/B.

Proof. Converse: Consider an arbitrary sequence {Cj};>, of asynchronous codes, achieving a finite
energy-per-bit ey, and let the error probabilities be Pr (error(Cy)) = €k, where ¢, — 0.

We consider using code Ci, in a synchronous AWGN channel. We let X ,?k be a (discrete) random
vector of length A, £ A, +d B, — 1 that has the distribution induced on the input of the channel
by first choosing a message M uniformly at random from {1, ..., 2Bk, then choosing a time index T

from {1, ..., Ax} according to the distribution of vp, , and then having the source and the destination
operate according to the asynchronous code Cj. Let YkA’“ be the corresponding received signal at the
destination. Notice that, from YkA’“, it is possible to decode M and outputaset {¢,t+1,...,t +dp, — 1}
of consecutive time steps such that 7" belongs to it with probability at least 1 — ¢;. Moreover, notice
that there is a one-to-one correspondence between values of (7', M) and values of X ,’5 *, and therefore

H(X,f’“) = H(T) + By, = H(vp, ) + By. If C(P) is the capacity of the synchronous AWGN channel
with average power constraint P, we have
~ 1 1 i i
¢ (Bige)/Ar) - sup Lrxmymy > L v
n.f(@"):L B X" P <BlEc,)/A, ™ Ag
@) 1 A A 1 i AppyrA
> I YT mod dp) = — [H(Xk HT mod dp, ) — H(X{*|Y**, T mod dp, )
k k

[H(X,fk) — H(T mod dp,) — H(X{*|Y;* T mod dBk)]

_ 1

Ay
1 ~ ~

> - [H(VBk) + By —logdp, — H(X{ ¥V, T mod dBk)]

e

2 L H(vs,) + By — log s, — [H(eg) + (1 + B)Bi} 61)
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where f(2") refers to any distribution on X"; (i) follows since 7’ is a function of X ,‘j’“ and thus YkA’“ >
X ,‘fk < T 'mod dp,; and (ii) follows from Fano’s inequality, since from YkA’“ and 7" mod dp, we can

decode X ,;4’“ with probability of error smaller than €. Inequality (61) implies that
e P BlEe)/A Elée,)/ Ax
P> C(P) ~ ¢ (E[Eck]/[lk) ~ 1/Ag[H(vp,) + By, — logdp, — H(ex) — ex(1 + ) By]
Eléc,]/ By
logd c :
H(vp,)/Bi +1— 2506 — Tl ¢ (1 4 )

Finally, using Lemma 1, we conclude that

log dBk - H(Ek)
By, By,

and, thus, (1 + Er)esync < essym. ]

— a1+ B)| = (14 A)

.. E[gC ] SYyNcC s+
lim inf Tk > e hgr_l}gf [H(VBk)/Bk +1-—

k—o0 k

IT Proof of Theorem 2

Theorem 2. The asynchronous minimum energy-per-bit for the network in Figure 1 satisfies

1 1 :
1 _ > mln.
(1+8)y <92+h1+h2> > €

Proof. We construct a sequence of codes {Cj,}32 ,, where Cj, transmits B}, bits assuming arrival distri-
bution vp,, for any sequence { By }2 ;, where B, — oo as k — oo. We use a separation-based scheme
scheme which achieves asynchronous energy-per-bit

, 11
(14 69(1+ 8) (92+h1+h2)

for an arbitrarily small § > 0. Similar to the scheme described in the achievability of Theorem 1, the
source sends a pulse as soon as the message arrives. This pulse is detected by the relays, which send
another pulse to the destination, taking advantage of beamforming. If relays and destination detect their
pulses correctly, the network becomes a synchronous network, and we may employ decode-and-forward
to communicate the By, bits.

More precisely, upon receiving the message, at time v, , the source will transmit a pulse of magni-
tude

(1+6)V (v8Bk)/9g,

for § > 0. This is analogous to the pulse used in the proof of Theorem 1 when pp, (t) = 2-PBk for
t € [1: Ag]. Notice that we use gs in the denominator, since g2 < g1, and we want to synchronize both
relays. Relay i declares that the pulse is detected at time ¢ if Y;[¢] is the first received signal larger than
(1+46/2)+/vBBy. By following the same steps in the achievability proof of Theorem 1, it is not difficult
to see that, for any 0 > 0, the probability of the relays not detecting the pulse tends to 0 as k — oo.
Notice that we use g5 in the denominator, since g2 < g1, and we want to synchronize both relays.

If the relays correctly detect the pulse, they can transmit pulses to the destination in the next time
slot. Since they can use beamforming to reduce the total energy required, at time vp, + 1, each relay
will send a pulse of magnitude

(1+0)+/(vB8By)/(4h).
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Again by following the steps in the proof of Theorem 1, it can be shown that if the destination declares
that a pulse has been detected if the received signal value exceeds (1 + 0 /2)+/3 By, the probability that
the destination does not decode the pulse correctly also tends to 0 as k — oo. The total energy-per-bit
consumed in the synchronization phase is

(1+0)*vB[1/g+1/(2h)].

To compute the energy used in the communication phase, we notice that we can analyze the two
hops separately, since we are employing decode-and-forward. For the first hop, the energy-per-bit can
be chosen arbitrarily close to the minimum energy-per-bit of a point-to-point channel with channel gain
go. Thus we choose the energy-per-bit used by the source to be (1 + §)2v/go. Since g > g2, both
relays are guaranteed to decode the message with high probability. For the second hop, we again use
beamforming to reduce the energy-per-bit that is consumed. Thus, relay 1 and relay 2 will use the same
codebook, but with different scaling coefficients. More precisely, relay ¢ will use a codebook where the
energy-per-bit of each codeword is at most

(14 6)%y (62)

(2
(h1 4 ho)?
This can be done by using Gaussian random codebooks and replacing the codewords that exceed the
energy-per-bit in (62) with zero codewords. Since this constraint is satisfied by every codeword, even
in the event that the pulse or the message from the source is not decoded by both relays, the energy-
per-bit consumed in the communication phase will be (1 4 6)2v(1/g2 + 1/(h1 + h2)), and the total
energy-per-bit is

) 1 1
(14 6)2y(1 + 6) <92+h1+h2>.

IIT Proof of Lemma 2

Lemma 2. Consider the networks in Figures 2(a) and 2(b), where the message arrival time vp is
uniformly distributed in [1 : 288 |. Then, the minimum asynchronous energy-per-bit e)™ of these two
networks is given respectively by

y

i 2
and e = (14
g1+t 92 ’ ( )

min __ 1 )
€p (1+5) b+ o

Proof. Achievability. For the network in Figure 2(a), we consider having the destination do a pre-
processing on the received signals. From Y; = /g1 X + Z1 and Y5 = /g2 X + Z, the destination will
build an effective received signal

57:1/ g1 Yi+,/ 92 Yo = (Vo1 +92)X + Z,
g1+ 92 g1+ g2

where Z = gfﬁgQ Z1 + glngQ Zy ~ N(0,1). Therefore, we now effectively have a single-antenna

point-to-point AWGN channel with channel gain /g1 + g2, and Theorem 1 guarantees that the minimum

energy-per-bit is at most (1 + 3) 91192. The same idea can be used to convert the channel in 2(b) into

a single-antenna point-to-point AWGN channel with channel gain v/h; + hg, by using a pre-processing
at the source.
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Converse. Notice that the same argument used in the converse of Theorem 1 can be used in order to
guarantee that if a sequence of codes {Cj, }7° ; achieves asynchronous energy-per-bit e;, then we have

P ep

inf > ,
T 1+p

pP>0 C(P)

where C'(P) is the capacity with average power constraint P of either the network in Figure 2(a) or the
network in Figure 2(b). It is not difficult to see that we have C(P) = 3log (1 + (g1 + g2)P) in the
former case and C(P) = 1 log (1 + (h1 + h)P) in the latter case, thus establishing the result. O

IV Proof of Lemma 3

Lemma 3. Consider the MIMO channel in Figure 3 in the asynchronous setting, where the message
arrival time vp is uniformly distributed in [1 : 2°P). Consider a sequence of codes {Cy}3° , that

(si)

achieves a finite energy-per-bit, and let 5(:?
fori = 1,2. Then, we must have

be the energy spent by code Cy, at the source transmitter s;,

] o el o
alim inf + bliminf ———= > (1 + 3).
k—o00 k —00 Bk

Proof. Consider any sequence of codes {Cj, }7° ; for this channel achieving a finite energy-per-bit with
delay dp, . The expected energy used by code Cj, can be written as

E[gck} = E[EC;C‘VBk < Ak/Q] PF(VBk < Ak/2) + E[ng|VBk > Ak/z] PI"(I/Bk > Ak/2)
1 1
= 5E[8Ck|l/Bk < Ak/2] + §E[8Ck’VBk > Ak/2]7
and we also have

aF [e57] + 0B [e67] = = (aB [£5Y

v, < Ay/2] + 0B | €6

VB, §Ak/2}>

+ % (aE [Sc(zl) vp, > Ak/2D :

vp, > Ay/2] + 0B | €6

Thus we must have either a &/ [Eézl)‘ v, < Ak/2} +bFE [Sé?) vp, < Ak/z} <aFE [géil)} +bE [5éi2)]

oraF [Séil) VB, > Ak/?} +bE [EéiQ) VB, > Ak/2} <aFE [Eéil)} +bF [Séiz)]. Suppose the former
case without much loss of generality. Then we will modify code Cy, to obtain a code C}, that only uses s;
in the following way. An arrival time vp, € {2k — 1,2k} will correspond to an arrival time v, = k in
the original scheme, for k = 1, ..., Ay /2. If a message arrives at time v, € {2k—1, 2k} the sequence of
dp,, transmit signals on antenna s; will be sent at times 2k+1, 2(k+1)+1,2(k+2)+1, ..., 2(k+dp, ) +1.
The sequence of dp, transmit signals that should be sent over antenna s according to code C;, will be

sent on antenna s1 multiplied by a factor \/gat times 2k+2, 2(k+1)+2,2(k+2)+2, ..., 2(k+dp, ) +2.
Now the destination can simply interpret the signals received at times 2k + 1 and 2k + 2, for k =
1,..., Ax/2 as the signals received on its two antennas. With this interpretation of the received sig-
nals, the destination can apply the same decoder from code C,. The delay of the new code is at most
djgk = 2dp, + 2, and its error probability satisfies

Pr (error(Cy,)) = Pr (error(Cy)|vp, < Ax/2) < 2Pr (error(Cy)),
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and also tends to 0 as k — oco. The energy used by code C;, satisfies
Blen] = E[e)s < Avj2] + 2B [e69)0p < A0/2
o | =L |éc, VB, = Ak B |fo B = Ark/2)

Since we now have a sequence of codes C; that achieves a finite energy-per-bit on a point-to-point
channel with channel gain a, we must have, from Theorem 1,

Be& v, < A2 B (€8 e < An2]\ a4 p)
lim inf 4+ — >
k—o0 Bk a Bk a

oE [Séj)ka < Ak/z} bE {86(,‘22)‘y3k < Ak/Z]
+

o S
= h]ggolf By B >y(1+p)
(s1) (s2)
. E [gckl } . E |:€ck2 }
= aliminf + bliminf ———= > y(1+ 5)
k—o0 k —00 Bk

V Proof of Lemma 4

Lemma 4. Suppose we have a sequence of codes {Cy}32 1, where code Cy, operates on a channel with
uniform arrival distribution on [1 : 2°B%) but only transmits By, — f(By,) bits, with f(-) > 0 and

lim f(By)

k—oo By

=0. (63)

Suppose that, in addition, this sequence of codes satisfies the following:

o limy_, o Pr(error(Cy)) =0

. logdp
o limysoo =y =0

e liminfy . % < ey

Then, for any 1 > 0, this sequence can be used to construct a new sequence of codes {C}.}3° |, where
code C;. operates on a channel with uniform arrivals on [1 : 2/33;@] and transmits By, bits, satisfying

e limy_, Pr(error(C;)) =0

. log d’p
® hmk_mo T]/ﬂk =0

e liminfs ,o Eilck] < (1+n)ep,
k

i.e., {C}.} achieves an energy-per-bit (1 + n)ey, according to the original definition.

Proof. Notice that we may assume wlog that f(By) — oo as k — oo. Otherwise, we can simply
modify each code Cj, to transmit only By — f(By) — v/ By bits (and the remaining /By, bits can be
chosen uniformly at random by the source, so that they are not message bits). Clearly, if we define
f(By) = f(By)+v/B. f(By) still satisfies (63), and we have f(By,) > /By, forall k, and f(B},) — oo
as k — oo.
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We will let B; = By, — f(By), for k = 1,2,.... Itis clear from (63) that B; — oo as k — oc.
Then, we will use code C, which transmits By, — f(By,) bits for an arrival distribution vp, , to create
the code C;, which transmits B;, bits for an arrival distribution vp! - Notice that the arrival time window
assumed by code Cy, Wy = [1 : 28P%], must be modified into a shorter arrival time window wy, =
[1 : 285%], and since By, — B}, — oo as k — oo, “BB=BL) 5 0as k — oo. We
consider partitioning Wy, into M = [|Wj|/|w,|] subintervals I;, j = 1,..., M. The j'" subinterval is
Ii=[(j-1) el forj =1, M —1,and Ins = [((M — 1)]wp| + 1 : [Wi]].

Now we fix any 7 > 0. We will show that, for £ sufficiently large, we can find an interval /;, with
7 < M, such that

2(1
E[&.|vp, € ;] < (1+n)E [, and Pr(error(Cy)|lvp, € I;) < (;rn) Pr (error(Cy)) .

To see this we first define the set J = {j < M : E'[&, |vp, € I;] < (1 +n)E [Ec,]}. Then we have

M~ / /
w
El&e,] = Z k Elé,|vp, €Ll > ) |’Wk‘ E[&|vp, € 1]
= jgdgAm O F
wj,| |wi
Z k +n)E €] = {1, .. ir (L€
J.j#
— {1,..,M —1}\J| < Wl M (64)

(L+n)|w| = (1+n)

Similarly, we define the set J' = {j < M : Pr(error(Cy)|vp, € I;) < w Pr (error(Ck))}. Then
we obtain

M-1, /
Pr (error(Cy)) > [0 Pr (error(Cy)| v, € 1) > Z il Pr (error(Cy)|vB, € 1;)
— Wi =W
Jj= J¢J"g#FM
/
> Z ”wk‘ 2(1;—)P1r (error(Cy)) !{1 —1}\ J” ”wk’ Al +n) Pr (error(Cy))
k

(Wiln . Mn
Lm)fwg] = 2(1 +1)

= {1,.,M -1} \ J| < o (65)

From (64) and (65), we conclude that

lJnJ|>M—-1—[{1,..,M =1} \ J| = |{1,... M —1}\ J'|

M Mn_ n B
>M‘“ﬁ+m‘m+m‘M@uwﬂ b

Therefore, since M — oo as k — oo, for k sufficiently large, J N J" # (), implying that we can find our
desired subinterval I;.

Since |[;| = will build code Cj, from code Cj, by having Cj, operate as if it were in the
interval I;. In order to do that, we consider drawing two sequences of (j — 1)|wy}| ii.d. A(0,1) noise
values and sharing them among all relays and the destination. The relays will start operating at time 1
in the interval wy, as if they were in time (j — 1)|w},| 4 1 in code Cj, and had received, prior to that time,
their corresponding shared noise sequence. The destination will then use the relaying functions that the
relays would have used in code Cj and apply them to the shared noise sequence of each relay, thus being
able to simulate what the relays would have transmitted in code Cy, prior to time (j — 1)|wj | + 1. This
way the destination can simulate the signals it would have received prior to time (j — 1)|w}| + 1, and
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start operating at time 1 as if it were at time (j — 1)|w}| 4+ 1 in code C,. Therefore, we see that, for this
new code Cy,

Pr (error(Cy,)) = Pr (error(Cy)|vp, € I;) < 2(1;77) Pr (error(Cy)) ,

which tends to 0 as k& — oo, for any fixed n > 0. Moreover, our new code C;, will consume (in
expectation) the same energy that code Cj, would consume during /;, conditioned on v, € I;. But this
is clearly less than the total energy consumed by C;, conditioned on v, € I;, and we have

Eé] < Elée)ve, € L1 < (1+nEE,].

By letting djgk = dp,, we conclude that our new sequence of codes {C}.}?° ; achieves an energy-per-bit
(1 +n)ep and communicates B}, bits on a channel with arrival distribution v, . O

VI Proof of Lemma 5

Lemma 5. Suppose we have a sequence of codes {Ci,}32 | achieving a finite energy-per-bit e, on the
asynchronous diamond network in Figure 1. Then we can build another sequence of codes {C}.} with
delay constraint djgk subexponential in B), = By, with non-overlapping transmission blocks of length
Ly, for which

E gc]/c[l:ﬂBk—ka—l]
lim inf < (1+n)ep,
k—oo Bk

for any arbitrarily small n > 0, and whose probability of error goes to 0 as k — oc.

Proof. Our first step is to “delay” the entire coding scheme by 2dp, . In order to do this, we shift all
the encoding functions at the source, the relaying functions at the relays and the decoding functions
at the destination by 2dp, time steps. More specifically, suppose the message m arrives at time vp,,
and let Enc¢(vp,,m), for t = vp,,vp, + 1,...,vp, + dp, — 1, be the signals transmitted by the
source during [vp, : vp, + dp, — 1]. After the delaying operation, if the message arrives at time
vp,, the source will wait until time vp, + 2dp, and transmit Enc¢(vp, ,m) at time ¢ + 2dp, fort =
VB,,VB, +1,...,vB, +dp, — 1. Similarly, if according to code Cj, relay ¢ transmitted, at time ¢, X;[t] =
fir(Yi[1],Y5[2], ..., Y[t — 1]) (where Y;[t] is the received signal at relay ¢ at time t), then after the delaying
operation relay 1 will transmit, at time ¢t + 2d g, , X1[t +2dp,| = f:(Yi[2dB, +1],...,Yi[2dp, +t —1]).
Finally, if the destination, at time ¢, made its detection/decoding using a function g;(Yg[1], ..., Yy[t —
1]) according to code Cy, then it will, at time ¢ + 2dp,, make its detection/decoding by computing
gt+(Ya[2dp, + 1], Y4[2dp, + 2], ..., Y4[2dp, +t — 1]). Clearly if we increase the delay constraint from
dp, to 3dp,, this new code has the exact same error probability as C. We will refer to this delayed
version of code Cj, as Cj..

Next, consider partitioning the arrival interval [1 : Ay] into consecutive blocks of length dp, , and let
M, My C [1: Ag] correspond to arrival times that belong to odd blocks and even blocks respectively.
If we assume for simplicity that Ay, = 2qdp, for some ¢ € Z, then the expected energy used by the
delayed code C;, can be written as

E[&e;] = El&; lvp, € Mi]Pr(vp, € M1) + El&e; v, € Ma]Pr(vp, € Ms)

1 1
= §E[50;€|V3k S Ml] + iE[SCI/JVBk € Mz].
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Therefore, we must have E[E¢/ [vp, € M| < E[&e ] or E[&cr |vp, € Ma] < E[E]. Let us suppose,
without loss of generality, that the former is true. Then we will pick our set of transmission times
S C M + 2dp,. More specifically, since we have a total of ¢ length dp, blocks in M7, we select our
transmission times tobe ¢;,7 = 1, ..., ¢, where t; € [2idp, +1 : (2i+1)dp,]. Notice that this guarantees
that any two transmission times will be separated by at least d g, time steps and at most 3d g, time steps.
We will set I[; = [2(i — 1)dp, +1: 2idp, ], fori =1, ...,q,and {;, = dp, .

For a given choice of transmission times S = {t1, ..., tq}, the source will perform as follows. If the
message arrives in the time window I; = [2(i — 1)dp, + 1 : 2idp, ], then the source will wait until time
t; (which occurs after the end of I;) to transmit it. This mapping operation performed by the source is
depicted in Figure 9. Clearly, for any choice of .S, the decoding delay will be at most 4d g, , which is

Figure 9: Mapping performed by the source from vp, to Up, .

subexponential in By.

For each choice of S, we will let C,f be the resulting code with delay constraint d%k = 4dp,, and
we consider choosing S uniformly at random. This is equivalent to picking each ¢; independently and
uniformly at random from [2idp, +1 : (2 +1)dp, ], fori =1, ..., q. For a given S, the expected energy
of the new coding scheme is given by

A
E[gc,f] = Z E[SCEIDBK =t Pr(ﬂBk =1)
t=1
@1
= = " Elf|vp, =t - 2dp,]
tesS
i) 1
D 2S" Blee, lvs, = t - 2dp,), (66)
tesS

where (i) follows since, conditioned on 75, = t, the new code C;; performs exactly as C}, conditioned
on vg, =t — 2dp, (due to the delay of 2dp, ), and (ii) follows because, for any vp, , Cj, and C,’c spend
the same amount of energy in expectation (although at different times). When we consider averaging
over the ensemble of choices of S, we obtain

1 1
Elées] = & > El&es] = pr > > Elée,lvs, =t —2dg,]
kS

kS tesS
3! 2
~ qd! > Blée,lvp, = 1] = 1 > Elé,lvs, =1]
By ten ke
Y B, lvp, € Mi) < El&e,), (67)
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where (i) follows from the fact that

Elée,lvs, € Mi] = Y Pr(vp, = tlvg, € M1)E[E,|vp, =1]
te My

Pr(vp, =1t) 2
:E ——~ 2k _Fl& |vg, =t = E —FEl&,|vB, =1].
s PI‘(VB,C c M]_) [ k‘ k ] S Ak [ k’ k ]

Similar to (66), the probability of error of the new coding scheme for a fixed choice of S satisfies

Pr (error(C,f)) _1 Z Pr (error(Cy)|vp, =t —2dp,) . (68)
tes

Similar to (67), when we average over all choices of .S, we obtain

Pr(error(Cy)) = dqi Z Pr(error(Cy)) = diq Z Z Pr(error(Cy)|vp, =t — 2dp,)
By g 1By, 75 tes
i
= —F Z Pr(error(Cy)|vp, = 1)
9p, teMy
= Pr(error(Cy)|vp, € M) (g) 2k, (69)

where, in (7) , we use the fact that
Pr (error(Cy)) = Pr(error(Cy)|vp, € Mi)Pr(vp, € M1) + Pr(error(Cy)|vp, ¢ Mi)Pr(vp, ¢ M)

> = Pr(error(Cy)|vp, € M),

DN |

and &, 2 Pr (error(Cy)). Even though (67) implies the existence of a choice of S for which £ [ch] <
E[&c, ] and (69) implies the existence of a choice of S for which Pr (error(C;f )) < 2&g, where & — 0
as k — oo, we have no guarantee that there exists an S satisfying these two conditions simultaneously.
To fix this, we consider any small 7 > 0, and we notice that, when we choose S uniformly at random
over all possibilities, from Markov’s inequality and inequalities (67) and (69), we have

—

E[gc;j] < 1

Pr(Blges] > (1+m)Ele,]) < T oEE] S 1o (70)

svy < A0+ m& Y\ _ Pr(error(CP))n n
Pr (Pr (error(CR)) > ; < AT Te < 2T ) (71)

We now use the union bound, (70) and (71) to conclude that
sy o 40+ )&k L
Pr <E[<€’C§] < (1+n)E[&,] and Pr (error(Cy)) < ; >1 T 2
_ Ui
C2(1+n) =0

Therefore, for 7 > 0 arbitrarily small, there exists at least one set S, such that E[gc;j] < (1+n)E[&,]

and Pr (error(C)) < %. Notice that % — 0 for any fixed n > 0. Thus, we will pick our
set of transmission times to be one such .S, which we will refer to as S;. Our new sequence of codes
achieves an energy-per-bit at most (1 + 7)ey, for any arbitrarily small > 0.
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Notice that, at a time ¢ € [t; : t; + {5 — 1], if there is a transmission happening, it must have started
at t;. Therefore, any detection made by the destination at a time 7 € [t; : t; + {; — 1] can wait and be
outputted at time 7/ = t; + £, — 1. This will not affect the error probability, since the probability of late
decoding will not change. The advantage is that the destination will now only make decisions at the end

of a transmission block. Thus, if we let ¢; = t; + dp, — 1, fori = 1,...,|Sk|, we can define the error
event

Li ={1 = (, B, > ti} U{T = G, Up, = tis,m # m}U{T > (;,Up, = t;} (72)
fori =1, ...,|Sg|. These three subevents can be read as false alarm at time (;, wrong decoding at time (;

and missed detection at time (;, respectively. It is easy to see that any error event corresponds to L; for
some i € {1,...,|Sk|},and L; N L; = () if i # j. Thus, the error probability of our code can be written
as

ISk 1Skl

Pr (CI‘I‘OI‘(C,?)) = Z PI‘(LZ) (Z:) Z Pr (lei—h Li; ﬁBk > ti)
i=1 i=1
|Sk|

= ZPY (Li | L1:i—1, B, > t;) Pr(L1:im1, 0B, > ti)
=1

ISk i—1
= Pr(Li |Lyi1, 9B, > t;) Pr(vp, > t;) [[Pr (L, | L1198, 2 t:), (73)
i=1 j=1

where (i) follows since L; implies 5, > t; and L1;_1 = L1 N ...N L;_1. Then we notice that for each
i € {1,...,|Sk|}, conditioned on the fact that oz, > ¢;, the relays only received noise during time steps
1,...,t; — 1. Therefore, there is no actual information received up to time ¢; — 1. Thus, intuitively, the
same performance should be achieved if, instead of using the actual noise received in [1 : ¢; — 1], the
relays used a random noise sequence of size ¢; — 1 that is drawn before the communication session, and
shared among relays and destination. Notice that, in this case, the destination would not need to use its
received signals during times [1 : ¢; — 1], since it can simulate the output of the relays, and simulate the
AWGN channel between the relays and itself.

More formally, for each ¢; € Si, we will draw two noise sequences of length ¢; — 1 (one for each
relay) and share it among relays and destination. Then, during the transmission block [t; : t; +dp, — 1],
the relays compute their outputs assuming that the received signals during times [1 : ¢; — 1] were the
corresponding noise sequence. During the same transmission block, the destination simulates what its
received signals would have been during times [1 : ¢; — 1] if the relays had in fact received the shared
noise sequence. This way, our resulting coding scheme will satisfy the third property of a coding scheme
with non-overlapping transmission blocks.

However, we still need to specify, for each ¢;, the distribution from which we draw the noise sequence
for each relay. Somewhat surprisingly, the natural choice of drawing the noise sequences i.i.d. N'(0, 1)
does not work. Instead, we will use the intuition provided by (73) to define how we draw the noise
sequences. For a given ¢;, let Ntli—p ]\7,% _, € Rt~ be the random vectors associated to the received
signals at relays 1 and 2, conditioned on the fact that og, > t; (this guarantees that the relays actually
received just noise in [1 : ¢; — 1]). To simplify the expressions, we define Ny, | = (Ntlﬁlﬂ N'Eﬁl). For
each t;, we will draw the pair of noise sequences according to the distribution of Nti,l conditioned on
vp, > t; and Ly.;_1. For the resulting code, which we call C,f’ , we define the error events L; exactly as
in (72). Next we claim that, for our new scheme, for any i € {1, ...,|Sk|} and ¢ > ¢;, we have

Pr (L;

Lo, > t) = Pr(Li | T, 7, > 1) (74)
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To see this, notice that, conditioned on g, > t and Li.;_1 in the case of C?2, and conditioned on
vp, > tand L’ _; in the case of C,f’ , the distribution of the relays’ received signals (or perceived
received signals for CS’ ) during [1 : ¢; — 1] is the same, and, therefore, the distribution of their output
signals during [t; : t; + ¢, — 1] will be the same. Therefore, from equations (73) and (74), we see that
the probability of error of our new code C is identical to the probability of error of our previous code,
i.e., Pr (error(Cy")) = Pr (error(Cy)).

Unfortunately, the same cannot be said about the average energy spent by the new code. In particular,
we notice that after the transmission block where the message was sent, the relays will keep operating
based on the noise sequences that were drawn. Therefore, in some sense, the relays are assuming that
the message has not been sent yet, which may cause them to use more energy than in the previous coding
scheme. This is why in the statement of the Theorem we only require that the energy spent by the code
up to time vp, + ¢, — 1 = Up, + dp, — 1 is at most (1 + 7n)e,. In order to be able to bound the
energy used by our code up to time vp, + dp, — 1, we consider making a slight modification to it. If
we let v, = Pr (error(C")), then we will have the source and the relays stay silent in the last /7| S|
transmission blocks. We let C,f” be the resulting code. If vp, >t /p)s,|> this modification will
most likely cause an error, but since v — 0 as k — oo, this only occurs with probability /7, — 0, as
k — oc. Thus it is clear that Pr (error(CZ")) — 0 as k — ooc.

Now let us consider the energy spent by our new code up to time g, + dp, — 1. First we notice
that, for i < (1 — \/7%)|Sk/

E [565//[1 : D, + dp, — 1]‘ Dp, = tz} © Z [565,/ i+ dp, — 1]‘ ip, = tz}
=1

W Z [Scs St +dp, — ]‘ﬂBk:ti,LLj_l}
=1

i [565[ t+dBk—]‘ﬂBk:ti}

<
B ; Pr(Li;j-1|vp, = 1)

; (75)

where (i) follows since energy is only spent during the transmission blocks, and (i7) follows because,
from the way we drew our shared noise sequences, the expected energy spent in [t; : t; + dp, — 1]
by code C” for j < (1 — /7x)|Sk| is the expected energy spent by code Cf in [t; : t; + dp, — 1],
conditioned on Ly.;_1. Fori > (1 — \/7%)|Sk|, we have

(1) -1
E |Eesull : 7, + dp, — 1]( Dp, = tz} - Y E [565,, it t; +dp, —1]| 75, = t,}
j=1
o G-V~ VE [gslty <ty + di, —1]| o, = 1]
- = Pr(Ly.j_1|op, = t;)
o VRIS B [gcs[ 4 dp, — 1]| 75, —tz} 6
et Pr(Lyj1los, = ta-ymis)

where (i) follows in the same way as the steps in (75), and (4i) follows because, conditioned on rp, =
t; with @ > (1 — /%)[Sk|, or on g, = {1 s7)5,|> code C; performs in the same way on any
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transmission block [t; : t; + dp, — 1] for j < (1 — \/7%)|Sk|. We also have that, for i > j,
Pr(Lij—1|oB, =t;) © Pr(Li.j—1|PB, > ti)
=1 Pr (U2 I 75, 2 11)
Pr (error(Cy")) Vi

>1-P CMog, >t;) >1— —— kI 9 TF
- 8 (error( k )|VBk - ,L) - PI‘(I?Bk > tz') Pr(ﬁBk > ti)’

(77)

where (i) follows since the performance of the code up to transmission block ¢ — 1 is the same whether
vp, = t; or vg, > t;. Finally, we obtain

Sk
E |£su[1 : g, + dp, — 1]} =Y IS 'E [565,,[1 g, +dp, — 1]‘ Dp, = tz}
i=1

g) (1\/772)415'“1 |Sk|71 Zl: FE [SCE [tj ity +dp, — 1]‘ vp, = tz}
o i—1 =1 Pr(Ll:j—1|DBk = ti)
Skl i - 1ln =t
N i Sy E [gcg[tj t+dp, —1]| s, tl}
. - Pr(LLj_l\ﬁB = t(lff)|S ‘)
i=(1=v/7%)|Sk]| j=1 k Tk )Pk
o (VRIS B [gcf[tj tj+dp, — 1]‘ bp, = ti]
< Z ’Sk‘ Z 1— Yk
i=1 j=1 Pr(op, >t;)
|5k | i E|&sltjityj+dp, — 1|, =1t
+ ) ST [ kl - o ‘ }
i=(1—/7k)| Skl Jj=1 Pr(vp, >t(— p)isyl)
(ﬁz’) |§’“: |Sk’—1 i B [gclf[tj :tj+dp, —1]|B, = ti}
i—1 = =%
1 | Sk|
_ -1 - _nls. —
= 1—m;|5k| E[gclf[l.I/Bk-f-dBk 1]‘1/3,C tl}
1 ElEcs]
= — Y -1 < k 7
1— \/’)TkE [gc,f[l VB, + dBk ]:| =q1_ \/%’ ( 8)

where (i) follows from (75) and (76), (i) follows from (77), and (7ii) follows from the fact that for
i < (1 —/7%)|Sk|. Pr(¥p, > t;) > \/7k. Thus, we conclude that

E [505,,[1 g, +dp, — 1]}

lim inf <1
i B, < @+ mes
since liminfy_ oo F |Eps| /Br < (1 4+ n)ep. This concludes the proof. O
Ck
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VII Proof of Lemma 6

Lemma 6. Suppose we have a sequence of codes {Cj;}7° | with non-overlapping transmission blocks
achieving a causal energy-per-bit ey, on the asynchronous diamond network in Figure 1. Then we can
have a sequence of codes {C,} that have non-overlapping transmission blocks, achieving a causal
energy-per-bit (1 + n)ep uniformly over the messages, for any n > 0.

Proof. Consider a sequence of codes {Cj,};>, with non-overlapping transmission blocks achieving a
causal energy-per-bit e, and fix some n > 0. For a code Ci, and each transmission time ¢; € Sy we can
define the set of messages

My, ={m e {1, 2By DB & (W (DB,)]| B, = ti,missent] < (1+1)E [, [W(PB,)]| 7B, = ti]} .
To lower bound the size of M;, we notice that

2Bk

E &, W (vp,)]| VB, =ti]| = Z 2~ BrE (& [W (DB,)]| VB, = ti,m is sent ]
m=1

> Z 27 BeE (&, [W (7B,)]| 7B, = ti,m is sent |
mgMy,

> Y 2 PR n)E [ W(os,))| 7s, = 1],
mgMy,

which implies that
By, QBk:
= My >
1+mn 1+n

{1, ..., 283\ M, | <

Therefore, for each transmission block W (¢;) = [t; : t; + £ — 1], we will pick the % messages m
for which

E &, [W(vp,)|| VB, = ti,m s sent |

have the smallest values. Let ¢ = 1 + 1/n. For each transmission block W (t;), we fix any bijective
mapping x; from {1, ...,25% /1} to the 2Pk /1) messages chosen. Then, for m € {1,...,25% /¢}, we
must have

E [gck [W<ﬁBk)” VB, = ti, Xk,i(m) is sent] < (1 + U)E [gck [W(DBk)H U, = ti] : (79)

From code Cj, we can build code C;, where B; = Bj, — log 1, as the restriction of Cj, according to X,
i.e. C;, = C}\. Recall that, in order to show that {C} } achieves a causal energy-per-bit (1+7)e;, uniformly
over the messages, we need to show that {C;.} achieves a causal energy-per-bit (1 + 7)ep, and that, for
any sequence of restrictions { ¢y, }, we have (28). Thus, we first consider a restriction of C;, according to
some arbitrary ¢y, where ¢y ; : {1,..., My} — {1, ..., 2Bk /4}, for some My. Let Wy, C {1, ..., 28x /a)}
be the image of ¢y, ;. Then, for any transmission time ¢;, we have

E [5@5; [W(ti)]‘ b, = tl} —E [5% [W(ti)]‘ bp, = ti,m € W,

= Y M 'E (&, [W(t))| 78, = ti, xni(m) is sent |
meWti

(i) i
< (L+n) Y M{'E[E, W (1)) 7p, = t]
meEWy,

= (L+n)E & W )] vp, = t], (80)
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where (7) follows from (79). Therefore, we have

[Sk
FE [gc;:b[l : DBk + 0 — 1]} = Z ’Sk‘ lE & [ /¢[1 VBk + 4y — 1]‘ VB, = t]
=1
|Sk]
=2 I8 1ZE[ Wit)| 7, = t]
) ‘Sk|
Z|5k| ' ZE Ee, W ()l vBy, = ti] + (1 + n)E [Ee, [W (t:)]| 7B, = ti]
|Sk|
<(1+ n)z ‘SkrlE [gck[l L UB, + Uk — 1” VB, = ti]
=1
=1 +n)E &1 : vp, + b —1]], (81)

where (7) follows from the fact that, prior to Up, , C,’f performs exactly as Cy and from (80). Now, from
(81) we clearly have that

E &1 :vp, + 0 — 1] . _
.. C k .. F [EC [1 1 v, + 4 1]]
1 f k <1 1 f k k

e By —log vy < (1+n) o By, —logy

=1 +n)es, (82

which means that, for any sequence of restrictions {¢y,}, (28) is satisfied. Now, in order to see that {C; }
achieves a causal energy-per-bit (1 4 1)e;, we first notice that if we set M, = 28% /4) and each Ok to
be the identity map, (82) implies that

E 562[1:53k+€k—1]
lim inf < (1
e By, —log4 < (L+n)ey

Moreover, the error probability of code C}, satisfies

|Sk| 2%k /4
Pr (error(Cy,)) Z Z S| ~14p27 B Pr (error(Cy) |7p, = ti, Xx,i(m) is sent )

i=1 m=1
|Sk| 2Bk

< Z Z |Sk| 127 Bk Pr (error(Cy) |7p, = ti,m is sent )

i=1 m=1

= 1 Pr (error(Cy)) ,

which tends to 0 as k — oo, meaning that {C } achieves a causal energy-per-bit (1 + 7)e;. Thus, we
conclude that {C; } achieves a causal energy-per-bit (1 + 7)e, uniformly over the messages. O
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VIII Proof of Lemma 7

Lemma 7. There exists an o > 0 and a non-negative sequence {ey} with €, — 0, such that

limsup Pr (g, € T(«,Ck, €)) = 1.

k—o0

Proof. We assume, by contradiction, that for all @ > 0 and all non-negative sequences { e } with e, — 0,
lim supy,_, o, Pr(¥p, € T (c,Cg,€;)) < 1. Notice that for any o > 0 and any non-negative sequence
{er} with e, — 0, ift € S \ T («,Cy, €), then

& W (g,

SV (o))
Pr ( B, <« and B, <«

vR, = t) > €f. (83)

Consider some « and some non-negative sequence {ex } with ¢, — 0. By assumption, we must have

limsup Pr(op, € T(«a,Ck,€x)) <1—96
k—o0
for some § € (0,1). Therefore, for some kg large enough, Pr(vp, ¢ T (a,Cg,€r)) > 6/21if k > ko,
which implies that the set Sy \ 7 (o, Cy, €k ) is always non-empty for k& > ko. In addition, we have that,
for code Cy,

Pr(error(Cy)) > Pr (error(Cy)|vp, ¢ T (o, Cr,ex)) Pr (7, ¢ T (v, Cr, €x))
> Pr (error(Cy)|vB, ¢ T (o, Ck,€x))0/2,

where Pr(error(Cy)) — 0, as & — oo. This implies that there exists at least one t € Sy \ T (v, C, €x),
such that

2 Pr(error(Cy))

5 £ &, (84)

Pr (error(Cy)|vp, =1t) <

for £ > k. Notice that £, — 0 as k£ — oo as well. To generate our contradiction, we will choose
e, = max(&)/*, 1/By,), which satisfies ¢, — 0 and ¢; > 0.
By noticing that the message m is independent of vg, , from (83), we can write

VW (i W (i
. ( Ci [B: 5 _ L ana £ [B: 5 o =
QBk' (T‘,L) ~
E VW (D
= Z2‘BkPr<wgafori:1,2 vp, =t,mis sent) > €. (85)
m=1 k
Next we define the set of messages
&6 W (,)] ek
M;={m:Pr kB—Safori:1,2 U, =t,mis sent >§ ) (86)
k
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and, from (85) we have

g w (i
€ < Z 2~ Bk Pr (C’“[B(Bk)] <afori=1,2|vp, =t,missent
meM; k
W (o
+ Y 2 Bpr (W < afori=1,2|9p, =t mis sent
me¢ Mz k

< Z 2 Bk 4 Z 2 Brer/2

meM; meg¢Mz

= 2700 | M| + (1= [Me|27 P )er /2,

from which we conclude that

% < 27 Br| M, | (1

Now we can write
&k > Pr(error(C) B, =t)

8 W (7p,)]

2Bk
2— ¢

€k
2

) = Myl >

> Pr 5 <a,j=12|vp, =1
k
£ W (vp,)]
x Pr | error(Cy) U, =t, ————— < a,j =1,2
By,
5 W (75,)]
> ¢, Pr | error(Cy) |0, =t, ’“B— <a,j=121,
k
and we conclude that we have
g(rj) W (o
Pr | error(Cy) |7p, = t,M <a,j=1,2| < Sk < 52/4.
By, €k
‘We can now write
g(rj) W (o
52/4 > Pr | error(Cy) |UB, =t, C’“[B(Bk)] <a,j=1,2
k
28 (r3) ~
EV W (v
= ZPr mis sent |Up, :t,M <a,j=1,2
m=1 Bk
g(’”ﬂ) W (D
x Pr | error(Cy) [P, =t, Ci [B( ) <a,j=1,2,mis sent
k
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Next we notice that, if m € M, we have

gé:j) (W (7B,)]

Bk _a7j Y

Pr | missent |vp, =t,

(r3) _
gV W
Pr<w§a7j21,2

vp, =t,mis sent) Pr(missent |Up, =t)

75 - t)

(r) -
E, W
o ( B [Bk(UBk)] < O(,j = 172

8 W (p,))

> Pr B <a,j=1,2|vp, =t,missent | Pr(missent |p, =1t)
k
. . 51/4
> -k Pr(missent [vp, =t) = ho=Br > Sk g-By
2 2 2
and, thus, from (88), we obtain
1/4 (c/'(Tj) W (g
52/4 > E gk—Q_B’f Pr | error(Cy) (7B, =t, M <a,j=1,2,mis sent
meM; 2 By

) (o
& W (p

¢2§z/42Bk > Z Pr | error(Cy) |Up, _t’w
meM;y

<a,j=1,2,missent | . (89)

Now if we let
M = {m € M, : Pr (error(Cy) |vp, =t,
42— )"

(c/’(rj) W (o
Mga,jzlﬂ,missent < ——E— 3
By, €k

we obtain

2/4 B
4(2 27k
252/4231@ > E (2 — ex)§, . _Ck > My \ M|

meM\M; “k 22— e)
€. 2Bk 2Bk
= M| > > ,
‘ t‘ - 2(2 — Ek) ~ 4By

where the last implication follows from (87). Moreover, notice that, for m € M}, we have

4(2 - Gk)fz/ 1/4

"y !
E W (v
Mga,jzl,zmissent < <8¢, (90)

Pr | error(Cy) |7p, =t, B < o
which goes to 0, as kK — oc.

In order to generate our contradiction, we consider using this sequence of codes in the synchronous
channel shown in Figure 10. For each k > kg, we can find an arrival time ¢, as described before, and
a subset of messages M containing at least 2Bk /4By, messages, each satisfying (86) and (90), when
used over the original asynchronous channel. In this synchronous channel, our source S will receive a
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Figure 10: Synchronous channel considered.

message chosen uniformly at random from My}, and then play the role of both relays, since it possesses
two separate antennas with channel gains Vv'hy and Vhs to the destination. However, we change the
scheme so that the source only needs to transmit what the relays would have transmitted during the
transmission block [t,t + dp, — 1].

For a randomly selected message m € M), the source proceeds as follows. It draws two signal
sequences of length A, = Ay, +d B, — 1 using the joint distribution of the transmit signals (X {4’“ , Xf’“)
of the relays when code Cj, is used in the diamond network, conditioned on g, = t and m being
sent. If the resulting signals satisfy 5&1) [(W(oB,)] < aB}, and 5&2) (W (7B, )] < aBy, then the source
transmits the signals corresponding to the transmission block [t,t + dp, — 1] from each of them over
their corresponding antennas. Otherwise, the source repeats the process, until such transmit signals are
found. Notice that (86) guarantees that such a pair of transmit signals will eventually be found.

It is important to notice that the fact that our original sequence of codes {Cj, } 32 ; had non-overlapping
transmission blocks guarantees that the destination applies its decoder for transmission block [t : ¢ +
dp, — 1] based only on the signals received during this interval (and not on signals received during
[1: ¢ — 1]). Therefore, the error probability only depends on the signals transmitted by the relays during
[t : t+ dp, — 1]. This allows us to conclude, from (90), that the error probability of this scheme, for
any chosen message m, is upper bounded by 8 £,i/ 4, and 85,1/ i 0, as k — oo. The energy-per-bit
achieved by this sequence of codes is given by

lim inf Elée,] i 228y

i log [ML| = k50 By — logdBy,

However, since o« > 0 can be chosen arbitrarily small, this is a contradiction to the fact that the channel
in Figure 10 has a positive minimum energy-per-bit. Therefore, we conclude that, for any sequence of
asynchronous codes for the diamond network with error probability going to 0, for some o > 0 and
some non-negative sequence {€x} such that €, — 0, we must have (30) satisfied, which concludes the
proof. 0

IX Proof of Lemma 8

Lemma 8. Suppose we have a sequence of codes {Cy}3° | achieving a finite energy-per-bit ey, on the
asynchronous diamond network in Figure 1. Consider any o > 0 and any non-negative sequence {¢y},
with €, — 0. Then, for any n > 0, we can have a sequence of codes {C}.} achieving a causal energy-
per-bit (1 + n)ep uniformly over the messages that have non-overlapping transmission blocks, and for
which one of the following is true:

(a) limsupy_,., Pr (7B, € T2(a,Cr, 1)) = 1,
(b) liminfy oo Pr (75, € Ta(a,Cp,ex)) =0,
where Ta(a, Cy, i) is defined in (38).
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Proof. Fix any small > 0, any o > 0 and any non-negative sequence {ex} with ¢, — 0 as k — oo.
From Lemma 5, we know that the original sequence of codes can be converted into another sequence of
codes with non-overlapping transmission blocks, achieving a causal energy-per-bit (1 + 7)e; uniformly
over the messages. Thus we will assume that our original sequence of codes {Cj,}7° ; already satisfies
these properties, and has a transmission block length /. Notice that, if the set of transmission times is
given by Sy, our delay for {Cj,}7° , is at most 2@7’“‘ + ¢k, which must be subexponential in By. Now,
suppose we have

limsup Pr (0p, € T2(a,Ci,€x)) =7 and lignianr (7B, € T2(a,Cr,€x)) =17,
— 00 -

k—o0

where 0 <y <7 < 1. Letd = %min(l, 1 — 7). Then, for k large enough, we must have
Pr (vp, € Ta(o,Ci,e)) >0 and  Pr(vp, ¢ Ta(a,Cp,ex)) > 6, 91
for all k. Now, for each k, notice that, since

El&e,[1:0p, + b, — 1] = E[&,[1: VB, + lp — 1]|Up, € Ta(a,Cy, )] Pr (7B, € Ta(a,Cy,€x))
+E[€Ck[1 : ﬁBk +£k - 1” I;Bk §é 7-2(04,(3]“6]0} Pr (ﬁBk ¢ E(Q,Ck,ék)),

we must either have

E (&, (1 : vp, + e — 1]| 7B, € Ta(,Ch, )]
E&c,[1: vp, + bk — 1| B, & To(a,Cy, e)]

<FE [5ck[1 : ﬁBk + 4y — 1]] or

< E[gck[l : I;Bk + 4y — 1]]

In the former case, we will define T}, to be the set of the §|Sy| effective arrival times ¢ from 73 (av, Cy, €x)
with the smallest values of

E[gck[l : I;Bk —|—€k—1]|ﬂBk :t].

In the latter case, we will define T}, to be the set of the §| S| effective arrival times t € {t1,...,¢|5,|} \
T2(a, Ci, €x) with the smallest values of

E[gck[l 1vB, + Ui — 1]|ﬁBk = t] .
Notice that the sequence Ty, satisfies
Pr(vp, € Ty) =90 >0, and E (&, [1:0p, + L —1]|Up, € Ti] < E [, [1: Up, +lx —1]] (92)

for all k large enough. Next, we use code C, to build code C}, in the following way. Code C;, will
have §|Sy| transmission times. Notice that from Definition 3, t;11 — t; > {; + 1, which implies

|Sk| < Ap/ly. Therefore, we have 5‘3 P> ‘S | >/, and, if we choose our (5\Sk\ transmission times to
! __ ZAk .

be t; = st = 1,...,6

transmission times. We will perform a mapping from the §|.Sy| transmission times in Ty to the new

transmission times ¢, = g’l’g’“ E =1, ..., |Sk|. We will choose this mapping to preserve the order of the

original transmission times in T. The source will now start the transmission of any message received

: (Z 1)Ak ’LAk : !/ ZAk /
n | Sy + 1: 315, | at time t; = EIRAR Moreover, if t; € T, is mapped to ¢;, then the encoding

functions, relaying functions and decoding functions used at times [t} : ¢; + ¢}, — 1] will be the functions
used in the original scheme during times [t; : t; + ¢, — 1]. Atany time t ¢ U5|S’“|[ DU+ O — 1],
source, relays and destination will be inactive. Notlce that what allows us to perform this remapping of

transmission blocks is property 3 in Definition 3, which guarantees a sort of “independence” among the
blocks.
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For code C;, the decoding delay will be at most ﬁ + /, which is subexponential in Bj. It is not
difficult to see that code C;, performs with an error probability not greater than the error probability of
code Cy, if the effective arrival distribution had been, instead of ©p, , a new effective distribution D}Bk,
such that Pr(vp =1) = ﬁ if t € Ty, and Pr(#p = t) = 0 otherwise. Thus, for code Cy;,, using (92),
we have

< Pr (error(Cy))  Pr(error(Cy))

- Pr(ﬁBk S Tk) 1) ’

Pr (error(C},)) < Pr (error(Cy)| g, € Tk)

which goes to 0, as k& — oo, since ¢ is a positive constant. Moreover, if t; € Ty, is mapped to ¢/, then
we have

57 W (7,)]

,;Bk:tj>zpr B—kga vg, =t | - (93)

2w (i
Pr(ck[wga

By,

This is the case since, conditioned on v, = t;, the distribution of the transmit signals of relay 2 in
W (Up, ) using code Cy, is the same as the distribution, conditioned on Vg, = t!, of the transmit signals
of relay 2 in W(ﬂjgk) when using code C;. Furthermore, it is easy to see that C; also achieves a causal
energy-per-bit (1 + 7)e, uniformly over the messages. For our new code Cj, the set Ta(a, Cy, €) is
defined in terms of the new effective arrival distribution &jgk. It is then not difficult to see that we will
have, for each B, either

Pr(vp, € Ta(a,Cr,ex)) =0 or  Pr(vp, € Ta(a,Cr,er)) =1,
depending on how we chose T}. This clearly implies that

liminf Pr (7, € Ta(a,Cr,ex)) =0 or  limsupPr (o, € To(a, Cp,er)) = 1. (94)

k—o0 k—oo
Moreover, from (92), the expected energy used by Cj up to ¥/ + £), — 1 satisfies
E [ [1: Dy, + b 1]} < E[&,[1: g, +lp — 1] 05, € Te) < El&e,[1: 0, + b, — 1]],

which concludes the proof. O

X Proof of Lemma 9

Lemma 9. Consider the network shown in Figure 8 in the asynchronous setting. Suppose a sequence of
codes {Cy;}72  satisfies (60) and achieves a finite energy-per-bit. Then we must have

> y(1+B) (gllJr}:l

lim inf Elée,] ) — f(a),
k—oo k

where f(«) is a function satisfying f(a) — 0 as a — 0.

Proof. We start by considering the following network in the asynchronous setting, where we assume
that there is a constraint of the form (60) on antenna A,. Consider any sequence of codes {Cj,}7 , for
this network achieving a finite energy-per-bit with delay dp, . The expected energy used by code Cj can
be written as

El&c,) = Eléc,|vp, < A/2]Pr(vp, < A/2)+ El&, |v, > A/2]Pr(vp, > A/2)

1 1
= §E[€Ck|VBk < A/2] + §E[5Ck|1/3k > A/Q]
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Figure 11: Network with parallel channels.

Thus we must have either E[E¢, |vp, < A/2] < E[&,] or E[&, |vp, > A/2] < E[&,]. Suppose
the former case without much loss of generality. Then we will modify code C, to obtain a code Cj,
that only uses A; in the following way. An arrival time vp, € {2t — 1,2t} will correspond to an
arrival time vp, = t in the original scheme, for ¢t = 1,..., A/2. If a message arrives at time vp, €
{2t — 1,tk} the sequence of dp, transmit signals on antenna A; will be sent at times 2t + 1,2(¢ +
1) +1,2(t+2) +1,...,2(t + dp,) + 1. The sequence of dp, transmit signals that should be sent

over antenna A according to code Cj, will be sent on antenna A; multiplied by a factor 4/ % at times

2604+2,2(t+1)+2,2(t+2)+2,...,2(t+dp, ) + 2. Now the destination can simply interpret the signals
received at times 2¢ + 1 and 2t + 2, for t = 1, ..., A/2 as the signals received on antennas A; and Ao
respectively. With this interpretation of the received signals, the destination can apply the same decoder
from code C. The delay of the new code is at most djgk = 2dp, + 2, and its error probability satisfies

Pr (error(Cy,)) = Pr (error(Cy)|vp, < A/2) < 2Pr (error(Cy)),

and also tends to 0 as k — oo. The energy used by code C;, satisfies

E [gcd -y [5§f1>|u3k < A/2] n ZTE [5§f2)|y3k < A/z} : (95)

In the case where hy < g1, (95) implies that
Elé| < B e s, < Af2] + B € vs, < A/2]

= El€c,lvs, < A/2) < E[&,]. (96)

In the case where hy > g1, we notice that since code Cy, must satisfy (60), we must have
1
3aBy, > E [5&‘2)} > SE [5§:‘2)\u3k < A/Q} ,
and, thus,
6aB, > E [ch2>yu3k < A/z} . 97)

Now by multiplying (97) by (1 — ha/g1) (which is negative) and adding the resulting inequality to (95),
we obtain

A A
E || - (ha/g1 — 1)6aBy < E £ lvp, < A/2] + B [e612)vp, < 4)2]
= Bl |vp, < AJ2) < El&c,]. (98)

By combining (96) and (98) we can write, for all i and g1,

E [5%} —yaBy < El&,], (99)
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where v = 6 max|[0, ha /g1 —1]. Since {C} } is a sequence of codes for a point-to-point channel achieving
a finite energy-per-bit, we know from Theorem 1 that it must satisfy

B g _ 21+ 5)

lim inf > ,
k—o00 k g1
and, thus,
E (C/‘ E |:gc/i| 1
lim inf M > liminf —=—4 — Yoo > m — . (100)
k—00 k k—00 By, g1

Next we consider the network in Figure 12, where we again assume that there is a constraint of the form
(60) on antenna Aj. Consider a sequence of codes {Cj, } 32 ; that achieves a finite energy-per-bit on this

Figure 12: Two-input one-output network.

network. In order for us to lower bound the energy-per-bit of this sequence of codes, we will notice
that any sequence of codes of this network can be used on the network in Figure 13(a). The network

Z, ~ N(0,1-5) Z,~N(0,1)
+

Z,~N(0,5) Z,~N(0,2)
' '

-+

(a) (b)
Figure 13: Networks with parallel channels.

in Figure 13(a) is a network with two parallel channels just as the network in Figure 11, except that the
additive Gaussian noise at each of the two receivers have variances 1 — ¢ and J, for some § € (0,1). Any
sequence of codes {Cj }7° ; for the network in Figure 12, can be directly used in the network in Figure
13(a). The only modification that needs to be made is to have the destination add the signals received on
each of its two receivers. After this addition, the network effectively becomes the network from Figure
12. Moreover, it is easy to see that the network from Figure 13(a) is entirely equivalent to the network
in Figure 13(b), since the SNR on each channel is the same.

Therefore, we can use our previous reasoning to lower bound the energy-per-bit achieved by the
sequence of codes {Cj,}7° ;. From (100), we see that

> —
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where 7/ = 6 max [0, % — 1}, and 6 € (0,1) is a free parameter that we can optimize over. We

will choose § = min[1/2, \/a]. Then we obtain

o ElEe] v +8) y(1+p)d ha(1 —9)
hkrgggf B, > I — I — 6 max [O, s 1] «
148 A1+8Va  haa
- hi hi hid
Y1+8) A +B)Ve ha(2a+ Va)
> I — I -6 I . (102)

Now we are ready to prove the Lemma. Suppose we have a sequence of codes {Cj }7° ; for the network
in Figure 8 under the additional constraint (60). We first notice that these codes can be applied to the
network in Figure 11. In order to do that, we would have the destination considering its upper receiver
to be relay 1, and then simulating what relay 1 would have transmitted and adding that to the received
signals at the lower receiver. The energy used when applying code Cj, from the network in Figure 8 on
the network in Figure 11 is just the energy that C;, would consume on A; and As. Therefore, from (100),
we have that

E M| + E (g5
lim inf { G } { C ] >20+8 (103)
k—o0 Bk g1

Similarly, we notice that the sequence of codes {Cj}7° ; for the network in Figure 8 can be applied to
the network in Figure 12. This time, the source from Figure 12 computes what the source from Figure 8
would have transmitted over A; and simulates what relay 1 would receive and transmit. Then it transmits
the simulated outputs of relay 1 over A;. The signals transmitted on As would be the same in both cases.
The energy consumed when using code Cj on the network in Figure 12 is the energy that relay 1 and
source antenna As would consume. Therefore, from (102), we obtain

(r1) (A2)
B[] 048 a04VE et v@)
lim inf > - —6
k— 00 By, hy hy hy

. (104)
In order to lower bound the total energy-per-bit of the sequence of codes {Cj, };° ; we first compute

E [ggl’} +E [5(@’:1)} +2F [5}1:‘2)}

lim inf

A A r A
 EBlE B[] B[] v B[]
> liminf + lim inf
(4)
§ (1 +8) ot y(1+8)  y(1+8)Va _6h2(2a+\/5)
g1 h1 hy hi
=~(1+B8) <1+1> o WLE AV ha2at va) (105)
g hi hi
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where (i) follows from (103) and (104). We also have that

E [5&1)] tE [5&“1)} t2F [56(“‘2)]

k

lin inf By
E [f:é”)} VY E [séAl)] VY E [5(2242)}

k k

E [5&‘2)}

< lim inf li
=hn By TR TR
(Az2)
.. El&] .. E [5Ck ]
= lim inf ——*= + lim sup
k—o0 k k—o00 Bk
(4) FE &
& fiming Pl | 3a, (106)
k—o0 k

where (i) follows from the constraint (60). Finally, by combining (105) and (106) we obtain

E &
lim inf l[gck] >~(1+p) <gl1 + h11> — f(a),

k—oo k
where
1 ho(2
fla) =~vya+ gl +ﬁ)\/a+6 2(2a + Va) + 3a,
h1 h1
which clearly satisfies f(a) — 0as a — 0. O
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