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Abstract—Networks formed by energy-harvesting devices
impose new technological challenges on data transmission due
to uncertainty of the amount of energy that can be harvested.
This is even more challenging with multihop networks, in which
transmission outage occurs when one single device along the
relay path cannot harvest enough energy. A virtual multiple-
input multiple-output (MIMO) model for multihop, multipath
networks has recently been developed to facilitate reliable
open-loop end-to-end transmissions, making networks robust to
random transmission outages without the necessity of bandwidth-
consuming and complicated end-to-end feedback and control.
In this paper, a framework based on a virtual MIMO model of
multihop, multipath opportunistic networks formed by energy-
harvesting devices is developed. We propose rotated-algebraic
path-time codes (RA-PTC), by which data are encoded using
Givens rotation and cyclic division algebras. Without rate loss,
a form of time diversity is exploited by repeatedly transmit-
ting the RA-PTC-coded data. Extensive theoretical analyses are
carried out using amount of fading and diversity as metrics.
Both the performance enhancement due to the proposed RA-
PTC and the performance loss due to energy shortage are
quantified. Furthermore, a simple yet effective cyclic power
control is proposed to improve transmission reliability. Numerical
results demonstrate that RA-PTC and cyclic power control
enable efficient and reliable end-to-end transmission in multipath,
multihop opportunistic networks formed by energy-harvesting
devices.

Index Terms— Multiple-input multiple-output (MIMO),
virtual MIMO, path-time code (PTC), open-loop communication,
slow-fading, erasure, energy harvesting, cyclic division algebra,
power control.
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I. INTRODUCTION

NSTEAD of being powered by a stable energy source,

a device of energy-harvesting capability is able to collect
energy from ambient environments through piezoelectricity,
light, vibration, thermal difference, etc. For networks suffering
from power supply problems, the network lifetime can be
significantly prolonged through energy harvesting. However,
the communication constraints imposed by energy harvesting,
caused by the uncertainty of energy arrival, call for new
system designs. In the past few years, point-to-point and
relay communication of energy-harvesting devices have been
well-studied [1]-[12], but how to achieve reliable end-to-
end transmission in multihop networks with energy-harvesting
devices remains an open problem.

Closed-loop communication systems utilize feedback for
transmission control (e.g., power control, scheduling, and
retransmission) and are widely adopted in existing com-
munication standards. However, closed-loop communication
requires a reliable end-to-end control channel for control
message exchange between source and destination nodes.
When a network scales, e.g., when the number of hops
in a network increases, the construction of the end-to-end
control channel becomes impractical, in particular for net-
works formed by energy-harvesting devices. On the contrary,
open-loop communication systems, which take advantage of
forward error control mechanisms and renounce to end-to-
end feedback, have the potential of delivering good perfor-
mance and efficiency under stringent link conditions [13]-[15],
such as link disruption caused by energy shortage (i.e.,
the case when a device cannot harvest enough energy to relay
data).

One promising approach to achieving open-loop
communication is by applying the virtual multiple-input
multiple-output (MIMO) technology to the network/session
layer [16]-[20]. By encoding data along both path and time
coordinates in a multipath, multihop network setting [21]-[23]
using either a path-time code (PTC) [16], [17] or a path-
permutation code (PPC) [18], error-resilient transmission with-
out end-to-end feedback control can be achieved. This virtual
MIMO-based open-loop physical communication technology
has been successfully applied to ad hoc cognitive radio net-
works [17]. However, how to apply this virtual MIMO-based
open-loop communication to networks with energy-
harvesting devices has never been discussed in the literature.
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Considering the different characteristics of cognitive radio
networks and the networks formed by energy harvesting
devices, a new framework and novel schemes are called for.

In this paper, a framework based on the application of virtual
MIMO to multihop, multipath networks formed by energy-
harvesting devices is proposed. Unlike [17], the slow-fading
channel model is used for the environment of static energy-
harvesting devices.! The event of a relay node being unable
to harvest sufficient energy for transmission is modeled as
an erasure, and the erasure statistics are derived according to
the channel capacity and the energy arrival statistics. With
this framework, a rotated-algebraic path-time code (RA-PTC)
based on Givens rotation and cyclic division algebra [24], [25]
is proposed to enable the exploitation of time diversity without
causing rate loss. The diversity gain of RA-PTC is analyzed
by deriving the pairwise error probability (PEP), and it is
analytically shown that RA-PTC not only provides a superior
diversity gain but also mitigates the performance degradation
caused by multihop transmissions [26]. The severity of fading
is then quantified by using the amount of fading perfor-
mance parameter [26], [27]. Our analysis shows that when
RA-PTC is used, the amount of fading for multihop trans-
mission is reduced and approaches that for single-hop trans-
mission. Furthermore, a cyclic power control is designed to
enhance transmission reliability. The proposed power control
has low complexity and can be distributedly implemented
without any information exchange among nodes. A closed-
form expression of the expected diversity gain obtained by
using the proposed RA-PTC with cyclic power control is then
provided. To the best of authors’ knowledge, this is the first
work that theoretically analyzes the diversity gain in the con-
text of fading channel with random erasures. Finally, numerical
examples demonstrate the effectiveness of our approach to
multihop, multipath networks formed by energy-harvesting
devices.

Space-time codes have been applied in the relay
network, where the receiver is an energy-harvesting
device [7], [28], [29]. Novel techniques are proposed
to enhance the performance by exploiting the channel
information at both transmission sides. Contrarily,
the fundamental difference of this work lies in the fact
that we remove all the end-to-end control and information
exchange, leading to an open-loop communication. The
erasure model is used to characterized the impairment caused
by insufficient harvested energy. Such simple model is
scalable and allows us to investigate a more complicated
scenario where not only the destination node but also the
source and relay nodes are energy-harvesting devices. Then,
the RA-PTC is designed as tailored to such channel, together
with the associated performance analysis.

In a nutshell, the proposed virtual MIMO RA-PTC archi-
tecture and cyclic power control combat the transmission

1Although in some scenarios energy-harvesting devices may move
around (for example, the case of wearables) and the channel is better modeled
as fast-fading under that scenario, in this paper we target more common cases
of static energy-harvesting devices. If it is required to consider the fast-fading
channel, then the techniques developed in [17] can be applied on top of the
framework developed in this paper.
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Fig. 1.
multihop networks formed by energy-harvesting devices.
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outages caused by energy shortage without needing end-to-
end feedback control and information exchange, thus resulting
in a reliable and efficient open-loop end-to-end transmission.
The contributions of this work are listed below:

@ Proposal and realization of open-loop communication in
multihop, multipath opportunistic networks formed by
energy-harvesting devices.

@ Design of RA-PTC based on the algebraic code and
Givens rotation to mitigate erasures caused by insuffi-
cient harvested energy.

® Design of the distributed cyclic power control to effi-
ciently enhance transmission reliability without the
necessity of global information exchange.

@ Theoretical analyses of end-to-end RA-PTC transmis-
sion with cyclic power control, including the closed-
form expression of the diversity in fading channels with
erasures.

This paper is organized as follows. Section II describes the
system model and the virtual MIMO framework for multi-
hop, multipath networks formed by energy-harvesting devices.
In Section III, RA-PTC is illustrated, and in Section IV
a low-complexity distributed cyclic power control is described.
Then in Section V, diversity and the amount of fading
of the proposed scheme are analyzed. Section VI provides
numerical results to validate the analyses and to demonstrate
the performance of the proposed virtual MIMO RA-PTC for
networks formed by energy-harvesting devices over slow-
fading channels. Finally, conclusions are drawn in Section VII.

II. SYSTEM MODEL

In this work, the disjoint multipath relay network [16]-[20]
is considered. Specifically, defining a link as a connection
between two nodes and a path as an end-to-end connection
between source and destination, the multipath relay is formed
by R link-disjoint paths [30], [31], each including K, — 1
relay nodes, r € {l,..., R}. This relay network can be
established by using the routing algorithms in [21]-[23]. Fig. 1
illustrates the equivalent directed-graph model of such disjoint
multipath relay network topology as an example. The link-
disjoint model includes the possibility that a relay node is
utilized by more than one path. When links in link-disjoint
model fail, they often fail independently, except when a node
moves out of range, which causes multiple links from/to the
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Fig. 2. Operation phases of the kth relay node in the rth relay path.

node fail together. The relays in different paths can transmit
simultaneously since the availability of any two links in two
different paths is independent by the definition of link-disjoint
path. When the source node simultaneously transmits signals
through multiple link-disjoint paths, inter-path interference
may be introduced. Techniques are proposed on top of the
disjoint paths, e.g., directional antennas, selection mechanism
for inter-path interference minimization, and transmissions
in different frequencies [32]-[34]. Consequently and for the
sake of simplicity, in this work we neglect the inter-path
interference. Note that when the severe inter-path interference
occurs, the resulting transmission outage can be modeled by
erasures, which are able to be mitigated by the technologies
proposed in this work.

We assume that all nodes in the network rely on energy
harvesting to acquire energy and all of them are equipped
with a battery. When sufficient energy is collected at the
source node, data is encoded along time and path coordinates
using PTC, and the virtual MIMO transmission is initiated.
The coded data is then transmitted to different relay paths,?
and the coded data in each relay path is amplified and
forwarded toward the destination node. The time interval is
split into R discrete time instants and the coded data amplified
and forwarded along the rth path is formed by encoding the
data x by s,(x) = [s.1(X), ..., sr,R(x)]T, where (~)—r denotes
the transpose operation. Since nodes need to harvest energy
for data transmission, each relay node operates in two phases:
the energy-harvesting phase and the data transmission phase,
as illustrated in Fig. 2. During the energy-harvesting phase,
a relay node charges its battery by collecting the energy from
ambient environment. Here, we consider a rather complex
case where the energy arrival follows the compound Poisson
random process [1]. In particular, letting Ej, ,.x,; be the value
of the ith energy arrival at the kth node in the rth relay path,
and Ejp ,; be the accumulated energy this node harvests in
the bth time interval, we have

n
Eprk =D Ebriis ey
i=1

where the number of energy arrivals n € N follows
the Poisson distribution and Ejp.x; is an independent
identically-distributed (i.i.d.) random variable with respect to
all indices [1]. We assume in this work that at the beginning of
the energy harvesting phase, batteries are empty.> For the case

2This can be done by applying multiplexing techniques or the two-step
protocol [35].

3In practical scenarios, batteries suffer from energy leakage due to imperfect
storage [3], [4] and the circuits of the relay nodes consume energy even in
the standby mode [5], [9]. Therefore, although the batteries may have residual
energy from the previous transmission, we can reasonably assume that the
batteries are empty at the beginning of the energy-harvesting phase.
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where the batteries are initially non-empty, the performance
analyzed and demonstrated in this work can serve as a lower
bound since the accumulated harvested energy is larger in
that case. During the data transmission phase, the relay node
waits for the coded data, then amplifies and forwards the
coded data to its next node until the depletion of its harvested
energy. It should be emphasized that, since energy is crucial
in networks relying on energy harvesting, the amplify-and-
forward protocol is preferable to the decode-and-forward one
since there is no power consumed on decoding when amplify-
and-forward is applied. With the amplify-and-forward proto-
col, we can assume that the energy spent on the reception of
coded data is negligible compared with the energy required
for transmission.

When the harvested energy is insufficient, only part of
the coded data can be transmitted and the rest is discarded.
This results in transmission outage and this phenomenon can
be modeled as an erasure. Let us define V, e {0, 1}R*R
as the erasure matrix used to characterize the transmission
outage in the bth time interval. Specifically, if s,,, is lost in
the bth time interval due to energy insufficiency, the entry
Opb,r,w € Vp 1s 0; otherwise, vp 4 1S 1. If we assume that
in the bth time interval, the minimal harvested energy of the
relay nodes in the rth relay path allows the transmission of
the first w’ symbols in the coded data s, (x), then

w<uw,
w > w,

Vb, r,w = [(1): 2)
which can be modeled as a Bernoulli-distributed random
variable whose statistics depends on the energy harvesting
results.

Now, let us define the link gain g, as the kth link in
the rth path and the bth time interval with length equal to the
duration of a coded data transmission. A slow-fading channel
is considered, in which the fading gains g, , x remain constant
in the duration of data transmission and the fading gains may
change for different time intervals [1]. This channel model
is practical since we consider static energy-harvesting devices
and the energy harvesting phase is generally much longer than
the data transmission phase. Cascaded by K, links, the fading
gain of the rth relay path in the bth time interval is given by

K,
hor =[] b 3)
k=1

It is also assumed that the length of the time instant is longer
than the end-to-end delay, so that the transmissions of s,
and s, ,+1 do not overlap. Then the received data in the
bth time interval can be expressed as*

R
Yo=[s1(), ..., 5k (®)] 0 Vphp+ > iy, =S(x) o Vyhj, + mp,
r=1

“)

where o denotes the Schur product, hy, = [hy1, ..., hb,R]T,
and S is the coded data. The additive white Gaussian

4Although for ease of exposition we only consider the case where the length
of the coded data equals the number of relay paths (as in [16]-[20]), more
general cases can be easily dealt with.
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noise (AWGN) 1, , is the noise aggregated from all links in
the rth path. Due to the amplifications of relay nodes and relay
link gains, ny, , has a different variance for each r and b [35].
Therefore, n,, the summation of n,, for r = 1,..., R,
also has time-varying noise power spectral density Ny [17].
Please note that the time jitter due to imperfect synchronization
of the system results in performance loss equivalent to loss of
effective harvested energy or even discard of the transmitted
symbols. Such potential transmission outages caused by both
impairments can be characterized by erasures, which are
mitigated by the proposed techniques in this work. In other
words, compared with the conventional systems that design
for channels without erasures, our study accommodates less
strict synchronization algorithms by considering the effects of
erasures and thus mitigation of its impacts. Moreover, although
the signals propagated from various paths may have different
delays, by setting the period of each time instant equal to the
maximum delay, the destination node can accumulate all the
incoming signals. In this case, the signals from all paths can
be successfully collected and then inter-symbol interference is
avoided.

III. ROTATED-ALGEBRAIC PATH-TIME CODE

In [16]-[20], PTCs have been introduced to yield diver-
sity gain and consequently to enhance the end-to-end trans-
mission reliability in fast-fading channels. In this section,
we propose a novel PTC for multihop, multipath networks
formed by energy-harvesting devices over slow-fading chan-
nels. As shown in (4), end-to-end multipath transmission
within a certain time interval can be modeled as a space-time
coded (i.e., PTC-coded) multiple-input single-output (MISO)
system with R time instants, R transmit antennas, and single
receive antenna. It is well known that by applying the structure
of space-time code (STC), a diversity gain of R can be
achieved [36]. The diversity of an end-to-end PTC transmis-
sion in the context of R relay paths and B time intervals can
be further increased up to RB, as will be introduced in next
subsections and further analyzed in Sec. V.

A. Repetition Transmission

In RA-PTC, data x are encoded into S(x), and S(x) is
repeatedly transmitted B times in B time intervals. Such
repetition transmission can be interpreted as the result of
having B virtual receive antennas. The relationship between
the physical-layer STC MIMO system and the PTC-based
virtual MIMO system is illustrated in Fig. 3, which uses
a 2 x 2 MIMO as an example. In both cases, eight symbols
are transmitted through four independently faded channels,
and two coded symbols are concurrently received by the
destination node (or receive antennas) at each time instant.
Therefore, the received data in the bth time interval is given by

y» = S(x) o Vpyhy, + np, b=1,...B, 5)

where the introduced time diversity results in a diversity
gain up to RB, as in a physical-layer MIMO system with
numbers of transmit and receive antennas both equal to R [36].
The temporal correlation between the successive time interval
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Fig. 3. Analogy between the physical-layer MIMO with an STC and the
virtual MIMO with a PTC. The symbols labeled by ‘1" and ‘2’ are transmitted
from the first transmit antenna (first relay path) for the physical-layer MIMO
system (virtual MIMO system); likewise, those labeled by ‘3’ and ‘4’
are transmitted from the second transmit antenna (second relay path) for
the physical-layer MIMO system (virtual MIMO system). The symbols
represented by black circles are received by the first receive antenna (in
the first time interval) for the physical-layer MIMO system (virtual MIMO
system); similarly, those represented by grey circles are received by the second
receive antenna (in the second time interval). Thus, we can map transmit
antennas to relay paths and receive antennas to time intervals. As the receiver
and destination node first receive data transmitted in the 1st time interval
experiencing hy | and hj, the figure is drawn in the way that the signals
are chronologically from right to left, i.e., from the viewpoint of the receiver
and destination node.

Yy

can be mapped to the PHY layer STC-MIMO system with
spatial correlation, which has been widely investigated in
literatures, e.g., [37], [38]. In the case of high temporal
correlation, we can reduce the correlation by interleaving the
repetitive transmissions of various data. Take two data x;
and x; and R = B = 2 as an example. Instead of
transmitting S(x1) repeatedly at the first and second time
intervals, S(x;) and S(xp) are transmitted respectively and
such transmission is repeated at the third and fourth time
intervals. By applying this technique, the temporal correlation
is reduced at the expense of larger transmission latency.

It should be emphasized that the throughput of this repeti-
tion transmission using multiple time intervals is not sacrificed.
In particular, either the PTC designed for fast-fading channels
or the conventional repetition transmission encodes x with
length R [16], [17]. Assuming R time instants in one time
interval, their throughputs are both one data symbol per time
instant. For the repetition transmission using B time intervals,
we encode a longer data x with length RB into the coded
data with the same size as that in the fast-fading channel.
Therefore, the throughput is one data symbol per time instant
as well. In the next two subsections, we elaborate on the code
design based on the cyclic division algebra [24], [25] and the
Givens rotation, respectively.

B. Algebraic Code Construction

For the physical-layer MIMO system, cyclic division alge-
bras are a powerful mathematical tool for the construction
of a perfect STC which simultaneously achieves maximal
throughput and diversity. We refer the readers to [25] for
additional details of the cyclic division algebra. Here, we focus
on code construction. For ease of exposition, the case
of R = B is considered as an example, so that the length
of data x is R2.
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TABLE I
NUMERICAL FORMS OF THE ALGEBRAIC CODE GENERATING MATRIX

R M
) 0.477-0.276j  0.724 - 0.447
0477 +0.724j -0.276 - 0.447
0.660 + 0.327 0.021 +0.327j  —-0.492 + 0.327
3 -0.294 - 0.146j -0.037-0.590; -0.614 +0.408;
0.530+0.263; -0.047-0.736j —0.273 -0.182j

0.26 - 031 035-042j -042+0.51; —0.21 +0.26;
0.26 +0.08j 047+0.16j 0.16+0.05j 0.76+0.26]
0.26 +0.24j —0.51 —0.42j —0.42-0.35] 0.31+0.26]
0.26 —0.76j —0.05+0.16j 0.16 —0.47j —0.09 + 0.26

For the encoding process, the data x is first partitioned
into R groups, each having R elements, i.e., the ith group
comprises entries [xXpi+1,...,XRri+Rr]. Then, every group is
individually encoded by using the code generating matrices M
listed in Table I. The encoded sequence is then located
diagonally in the algebraic coded data S(x). This encoding
procedure can be mathematically formulated as

R—1 XRi+1
S@:ngM E(R), (6)
i=0 XRi+R

where diag(a) is a diagonal matrix with diagonal entries
being a. E(R)i is the ith power of the matrix E(r), i.e., the
repeated multiplications with i times. The matrix E(R) is
used to allocate the encoded sequences to S(x). Specifically,
the (p, ¢)th entry of E(R) is defined as

I, ifp=g+1,
Ep,q(R): j, ifp=R, g=1,
0, otherwise.

By multiplying E(R)’, the encoded sequence associated
with [Xgi41, ..., Xri+r]" is located on the cyclic-shifted diag-
onal lines, i.e., §(x)p, mod (p+i,R) entries for p = 1,..., R,
where mod (-, R) denotes modulo-R reduction.
Considering a toy example with (R, B) = (2,2), data
1-v/5

[l

1+2ﬁ 0 = 1 -6 =
1 + j(1 — @), the algebraic

X = [x1,...,x], 0
o =14+ jl—-0), and a =

code S(x) is computed by

wor-an(1]) 5] (2] 1]

with
1 faa
V5 aab |’

Since @ is the golden ratio, this code is termed as the optimal
Golden code [39]:

1 |: a(xy + x20) a(x3 +x40)i|

V5 Liaxs + x40) a(x; + x20)

As shown in (7), the data x = [x1, ..., x4]" are split into two
groups [x1,x2]" and [x3,x4]", that is, the former is encoded
along the diagonal line (511, $22) and the latter is encoded
along the anti-diagonal line (512, 521)-

M =

Sx) = (7
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C. RA-PTC Construction With Givens Rotation

Even though the algebraic code constructed by using
the cyclic division algebra achieves optimal performance
in physical-layer MIMO systems, this code should be
reinvented to combat random erasures appeared in the
end-to-end virtual MIMO transmission due to energy shortage
of energy-harvesting devices. Specifically, considering the
effect of erasures, the equivalent coded data in the bth time
interval is S(x) o Vj,. It can be seen that certain entries of the
coded data may be nulled, and thus the transmission reliability
may be degraded.

As can be seen from (6), an entry of the algebraic code S(x)
relates to only a fraction of x. Taking the Golden code in (7)
as an example, the diagonal coded entries (511, §22) and the
off-diagonal coded entries (512, 521) respectively encode
(x1, x2) and (x3, x4). If the erasures happen to be on the diag-
onal positions, (x,xz) are completely erased. This implies
that some entries of x may be completely lost only due
to the presence of few erasures. To overcome this hurdle,
we disperse every entry of x throughout the coded data by
applying a rotation. The resulting RA-PTC is thus based
on the Golden code and a rotation matrix, and takes the
form of

Skx) =L cosp —sing | | alxi +x20) a(xz+x4)0
X) = V5 | sing cos¢ Jja(xs + x40) a(xy + x20) |
3

In this case, all entries (x1, . . ., x4) of the data x is successfully
received even when only a coded symbol arrives at the
destination node.

The Givens rotation can be used for a more general
case with R > 2. Specifically, the Givens rotation can be
realized by multiplying by a unitary matrix G(m, n, ¢m,n),
whose (p, g)th entry G, o (m, n, ¢ p) is

1, if p=q,p#m,n,

coSdmn, U p=g=mor p=g=n,
Gij(m,n, ¢mn)=1s8indmn, if p=m, g =n,

—Sin¢m,n, ifp:n, qg=m,

0, otherwise.

The R x R RA-PTC is therefore constructed by sequentially
multiplying by (§) Givens rotation matrices as

R R

S =[] [] Gm.n ¢nn)SX. ©
m=1n=m+1

Since Givens rotation matrices are unitary,

we have rank(S (x)) = rank(S (x)) and det (S(x)) = det (S(X)),
where rank(-) and det(-) respectively indicate the rank and
determinant of a matrix. Therefore, RA-PTC preserves the
superior coding gain and diversity gain that the algebraic
code achieves [25]. In addition, the Givens rotation can be
efficiently realized by the CORDIC algorithm [40], leading
to low encoding complexity.

IV. CycLic POWER CONTROL

Suppose that the energy harvesting activity of the nodes
in the rth path enables them to transmit w symbols of s;.
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The diversity is easily lost when the source node applies the
traditional power control of (2). For example, assume that the
energy harvesting result permits the transmission of R — 1
coded symbols for all relay paths, ie., s.1,...,8,r—1,
for r = 1,..., R. Although only one symbol is lost in each
relay path, the last row vector of the erasure matrix is nulled
(i.e., vp,r,w =0 for w =1,..., R) and thus A oV, becomes
rank deficient, leading to diversity loss. We will formally
discuss this issue in Sec. V-A.

To alleviate the diversity loss, we propose a cyclic power
control which adjusts the erasure positions. The cyclic power
control works as follows: When the nodes in the rth path
harvest sufficient energy to transmit w symbols, the energy is
allocated to relay the following symbols:

Srrab—1s -+ > Sr,mod(r+w-+b—1,R)> (10)

which implies that the data in the diagonal line of S has the
highest priority for transmission. Consider the case of R =4
as an example and assume that the minimal energy harvested
by the relay nodes in the third path is only sufficient for the
transmission of half of the coded data in this time interval.
When the cyclic power control is adopted, the destination node
receives nothing but noise from the third relay path at the first
and second time instants since the relay node with minimal
harvested energy discards the first two symbols of the coded
data. Then s3 3 and s34 are received at the third and fourth
time instants, respectively. Likewise, if the fourth path can
only relay half of the coded data, s4,1 and s4 4 are transmitted
at the first and the fourth time instants, respectively.

The cyclic power control significantly mitigates the diversity
loss caused by the shortage of harvested energy. To explain
the diversity loss of the traditional power control, we sort the
columns v, ;, in V}, in descending order of ||v,; [0, where || [lo
denotes the /°-norm (or Hamming weight) of a vector. Then,
we have the necessary condition of full diversity: the entries
of the lower triangular part of such sorted erasure matrix are
all nonzeros. This means that at least one relay path should
transmit the entire coded data, while the other paths need to
respectively transmit at least R — 1, R — 2, ..., 1 symbols of
the coded data. With the aid of this cyclic power control, even
if only a single symbol of the coded data is transmitted for
each relay path, full diversity is preserved, since the diagonal
terms of V; are all nonzeros.

It should be emphasized that, for the cyclic power control,
each relay node allocates its transmission power to various
symbols simply on the basis of the amount of its harvested
energy, without the necessity of exchanging the global energy-
harvesting information and considering the transmission policy
of other nodes. Consequently, the power control proposed in
this work can be efficiently implemented in a distributive man-
ner. Additionally, the cyclic power control can be combined
with different types of PTCs, not only the RA-PTC.

V. ANALYSIS OF THE PROPOSED
RA-PTC VIRTUAL MIMO

To provide further insight into the end-to-end
RA-PTC-based virtual MIMO transmission for networks
formed by energy-harvesting devices, its performance
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is analyzed in this section. Through the derivation of PEP,
we first calculate the diversity. The diversity gain is studied for
three reasons: First, the error rate performance exponentially
decreases with respect to the diversity as the SNR increases.
Thus, the diversity is necessary to fully characterize the
performance. Second, through the analysis of the diversity,
we can quantify the performance loss caused by insufficient
harvested energy at different SNR regimes. Last, since the
RA-PTC aims at simultaneously exploiting the path diversity
and time diversity, the study of diversity gains can directly
examine the effectiveness of the proposed techniques. Then,
the amount of fading is analyzed to show that RA-PTC
indeeds mitigates the severity of cascaded fading and erasure.

A. Diversity

The diversity gain comes into picture when transmission
outage occurs so that the received equations do not possess
sufficient “rank” to recover the data. Specifically, the source
node encodes and transmits R B data symbols by using B time
intervals and R relay paths. In each time interval, the des-
tination node receives the symbols with the dimensions R>
from R time instants and R relay paths. As will be expounded
later, by using the proposed RA-PTC and the cyclic power
control, up to R?% — R erasures (i.e., transmission outages) can
be tolerated without loss of the diversity gain RB. To analyze
the diversity, we define PEP

fx— %) = P(A(x,%) <0) (11)

as the probability that when the data x is transmitted, X at
the receiver has a likelihood larger than that of x, i.e., the
probability that x is erroneously detected as X “only if”
x and X are the only two alternatives. In (11), A(x, X) denotes
the log-likelihood ratio (LLR) of the joint probability density
functions (PDFs) P(yi,...,ygl|x) and P(yi,...,yg|X). The
following result shows the Chernoff bound of the PEP.

Lemma 1: Letting A = S(x) — S(X) be the differences
between the transmitted coded data and the coded data asso-
ciated with the erroneously-detected X, the Chernoff upper
bound of the PEP (11) is given by

B rank(AoVy)

52
fax—>%=[] I eXP(—JT’;)’b,r), 12)
b=1 r=1 x

where axz is the variance of an entry in X and Jp, , is the singular
value of rank(A o V). The scalars

lgp r|20'x2
Vb, r Nb,O (13)
represent the effective signal-to-noise ratios (SNRs),

where g5, is the rth entry of the equivalent fading
vector qp = Uphy, with U, being a unitary matrix.

Proof: The proof is given in Appendix A. [ ]
Using Lemma 1, the following theorem can be proved.
Theorem 1: The end-to-end RA-PTC transmission with

repetition transmission for networks formed by energy-
harvesting devices under the slow-fading channel achieves
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diversity d, where

B
d= Zrank(A oVyp) < RB.
b=1
Proof: The PEP in (12) can be reformulated as

5 ZE=1 rank(AoVj)
fep(x — X) = (CXP (_Fyb,r)) , (15)
O-X

(14)

N 1 B rank(AoVy)
where 6 = —————
ST i (aovy) 2b=1 2r=1

of all the nonzero singular values of rank(A o Vj) for
b =1, ... B. Then, we have the diversity in (14), which rep-
resents the replica of the transmitted signals, i.e., the exponent
of the error rate function for a specific SNR value [36]. ®

Remark 1: Theorem 1 implies that, although the RA-PTC
provides full rank of A (rank(A) = R) for any pair (S, S),
the diversity d may be less than the maximum value R B due to
erasures caused by energy shortage. For example, when s, (X)
transported through the rth relay path is completely erased in
the bth time interval, as reflected by the rth column of V,
being nulled, we have rank(A o V,) < R. For a single
transmission (i.e., B = 1), the maximal achievable diversity is
only R. Such diversity may be insufficient to provide reliable
end-to-end transmission when the number of adopted relay
paths is small. This demonstrates the need of some kind of
repetition transmission.

2 .
5b,r is the mean

B. Average Diversity With Energy Arrival Statistic

The diversity shown in Theorem 1 depends on the erasure
matrix Vp. If the energy arrival statistic is taken into account,
we may average this diversity over V; to obtain the expected
diversity.

We first derive the erasure statistics according to the channel
capacity and the energy arrival statistics in the following
Lemma.

Lemma 2: The probability of the event that w portions of
the coded data can be transmitted through the rth path in
the bth time interval is represented by

K,—1
P(Ivrllo=w) = ] (1 ~ Fr, .y (Nop(2" M—l)))
k=1
K,—1
- H (1_FEb,r,k (N(),b(z(w+1) M_l)))9
k=1
(16)
where M is the modulation order and
oo |x] . L
.(n . 1 (,117, ,kLE)ne Ab,rk LE
Frs)= 2 v/ (s o
n=1 j=0
(17

is the cumulative distribution function (CDF) of Ejp ,; with
|-] being the floor function.
Proof: The proof is given in Appendix B. [ ]
Remark 2: The erasure statistics are critical to quantify the
channel quality and to realize an efficient optimal decoder at
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the destination node. Specifically, since the erasures occur ran-
domly, the destination node has to jointly identify the erasures
and decode the data. When the destination node applies the
optimal maximum a posteriori (MAP) decoding algorithm,
the erasure statistics derived in (16) and (17) can be used as the
a priori information of the erasures to improve the error rate
performance. By properly integrating this a priori information
into a sphere decoding algorithm [41], an efficient optimal
joint decoding (JSD) procedure can be realized [17], [18].

With the aid of Lemma 2, the following result shows the
expected diversity gain of the end-to-end RA-PTC transmis-
sion with cyclic power control.

Theorem 2: Assume that all relay nodes have the
same energy-harvesting statistics in all time intervals and
thus (K, No.», Ebrk) = (K, No, E). For the end-to-end
RA-PTC transmission with cyclic power control, we can
calculate its expected diversity d by taking the expectation of d
in (14) with respect to the erasure matrix Vp, forb =1, ..., B.
Then,

d = E[d] ~ RB (1 — (K — 1)Fp(No(@M — 1))) . (18)

where E [-] denotes expectation.
Proof: The proof is given in Appendix C. |
Remark 3: Theorem 2 implies that when more relay nodes
are used in a relay path, less diversity is expected. The reason
is that, whenever the harvested energy of a certain relay node
is insufficient for transmission, the associated relay path can
be regarded as disconnected, leading to the diversity loss.

C. Amount of Fading

In this subsection, we show that RA-PTC reshapes the
statistics of the slow-fading gains in the sense of reducing the
severity of fading. Such phenomenon has been investigated
for fast-fading channels [19] but not for slow-fading chan-
nels. Intuitively, from (13), the entries of equivalent fading
vector q; = Uph, are weighted sums of R independent
complex variables. Due to the central limit theorem, the real
and imaginary parts Re {qb,r} and Im {qb,r} for all r converge
to Gaussian random variables as R — oo, and thus the
equivalent fading approaches Rayleigh fading as R grows
large, as depicted in Fig. 4.

We now examine the reshaping effect that RA-PTC has on
fading by deriving ay, ,, the amount of fading of the bth time
interval and the rth relay path:

£[12,]- Elw.’
E |:yb,r:|2 .

The amount of fading is widely accepted as a measure of the
severity of the fading channel, and hence is a convenient and
powerful performance index [27]. Although a formal proof is
missing, it is commonly accepted that the higher the amount of
fading, the worse the error rate performance is. For example,
the AWGN channel, the Rayleigh fading channel, and the
K-product Rayleigh fading channel respectively yield
a =0,a =1, and a = 2K — 1 [26]. The following result
provides the closed-form expression of the amount of fading:

L

ab,r 19)
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Fig. 4. Comparisons between PDF of a Gaussian random variable N (0, 1/2),
and empirical PDFs of Re {gp, ,} and Im {gp ,} with K, = 2 for all r and
normalized channel variance.

Lemma 3: The amount of fading reshaped by the RA-PTC
is expressed as

R
arp =1+ D lupp, 1*@5 —2), (20)

r'=1

where up, v, is the (r/, r)th entry of the unitary matrix Up.
Proof: The proof is given in Appendix D. ]
Under the condition that all relay paths have the same
number of links (i.e., K, = K) such that the subscript  can
be omitted, the following result gives a lower bound of the
reshaped amount of fading.
Theorem 3: The amount of fading reshaped by the RA-PTC
in (20) can be lower bounded by

2Kk 2
op > 1+ . 21
Proof: This is a direct consequence of the
Cauchy-Schwarz inequality
R R R 2
(Z 12)(Z(|ub,r/,r|2)2) > (Z - |ub,rf,r|2) =1,
r'=1 r'=1 r'=1
(22)

where the last equality is due to the unitary property
of Up. |

As shown in Theorem 3, although a; increases exponen-
tially with the number of hops K, this value is reduced
when RA-PTC is adopted, thus showing the effectiveness of
RA-PTC. Besides, the more relay paths, the lower the amount
of fading is.

VI. SIMULATION RESULTS

In this section, the performance of the proposed end-to-end
virtual MIMO RA-PTC transmission for multipath, multihop
networks with energy-harvesting devices is evaluated, and the
analyses presented in this paper are validated by Monte Carlo
simulations. The spectral efficiency of all the instances in the
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Fig. 5. Error rates of end-to-end virtual MIMO transmission based on

RA-PTC and DFT-based PTC for different number of relay nodes. Cyclic
power control is adopted and (R, B) = (2, 2).

simulations is the same, i.e., one symbol per time instant,
except some instances in Fig 6., where the number of rep-
etitions is reduced. For those cases, the spectral efficiency
increases to (1 + ﬁ) symbols per time instant at the cost
of error rate performance deterioration, as will be expounded
later. For simplicity, we assume the same noise power spectral
density Ny p for all time intervals, the same number of links K
for all relay paths, and the same energy arrival statistics for
all relay nodes. In this way, the associated subscripts can be
omitted. The energy arrival follows the compound Poisson
distribution, where the value of the harvested energy is a ran-
dom sample from one of the corresponding i.i.d. uniformly
distributed random variables with normalized support [0, 1]
as in [1].

Fig. 5 compares the performance of the end-to-end virtual
MIMO transmission with various PTC techniques in terms
of error rate for (R, B) = (2,2), where an error occurs
if x is erroneously detected. The previously proposed discrete
Fourier transform (DFT)-based PTCs [16], [17] fail to provide
satisfactory error rates since they are designed for cognitive
radio networks over fast-fading channels. Compared with
the DFT-based PTC and subject to 1% error rate, RA-PTC
achieves around 10 dB SNR performance gain for all cases.

Fig. 6 depicts the error rate of RA-PTC with various
time intervals B and relay paths R. The diversity and the
resulting error rate performance are enhanced when more
relay paths and time intervals are introduced. We show the
importance of repetition transmission by reducing the number
of repetition transmissions from B = R to B = R — 1. When
the number of relay paths increases, the system is more robust
to the time diversity loss caused by less repetition since the
path diversity is already large enough. Comparing the cases
of (R, B) = (2,2) and (R, B) = (3, 2), the latter adopts one
more relay path and thus provides higher throughput. However,
the resulting error rate is worse than the former at most
SNR regimes, demonstrating that the number of repetition
transmissions can be considered as a parameter for tuning the
trade-off between the error rate performance and throughput.
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intervals and number of relay paths. Cyclic power control is adopted
and K =4.
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Fig. 7. Error rates of end-to-end PTC transmission with Givens rotation
(i.e., RA-PTC) and without Givens rotation (i.e., algebraic PTC). Cyclic power
control is adopted and (R, B) = (4,4).

In Fig. 7, we evaluate the improvement obtained by using
Givens rotations. The rotated phases in (8) are heuristically
optimized. Compared to the case without using rotations
(i.e., algebraic PTC), the error rate performance of RA-PTC
is enhanced, especially for the cases with larger K, where
the erasure probability is higher as derived in Lemma 2. This
phenomenon validates our discussion in Section III: Givens
rotation disperses data throughout paths and relays of the
network so that data becomes more robust to erasures.

Fig. 8 illustrates the performance of cyclic power control
by using the diversity as the metric. The analytical expected
diversity derived in Theorem 2 tightly matches the numerical
result, verifying the accuracy of our closed-form expressions.
Compared with the cases using the traditional power control,
the cyclic power control greatly increases the diversity. Such
improvement is more significant for large R and B, since
the maximum diversity RB increases. When K increases,
the case with cyclic power control exhibits a linear decrease
of expected diversity as derived in (18), while the expected
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Fig. 8. Numerical and analytical diversity comparisons of end-to-end
RA-PTC transmission with traditional power control (denoted as “TPC”
on the figure) and cyclic power control (denoted as “CPC” on the figure)
at E,/No = 15 dB.

diversity slumps for the case with traditional power control.
Thus, the diversity gap between these two power control
schemes increases as the number of relays increases. Together
with other numerical results, we see that both the RA-PTC
and the cyclic power control can perform well when either
the number of hops or the number of relay paths increases,
implying that the proposed RA-PTC virtual MIMO framework
is a viable solution for large-scale networks formed by energy-
harvesting devices.

VII. CONCLUSION

In this paper, we have considered a virtual MIMO-based
open-loop end-to-end transmission framework for multipath,
multihop networks formed by energy-harvesting devices, and
we have introduced the RA-PTC scheme for transmissions
over the slow-fading channel. By repeatedly transmitting data
encoded by using Givens rotation and cyclic division algebra,
the time diversity is achieved without causing any rate loss.
The diversity and the amount of fading of RA-PTC have been
analyzed. Furthermore, by modeling the transmission outage
caused by energy-harvesting shortages as an erasure, the era-
sure statistics were derived and used to compute the expected
diversity. These analyses shed light on the relationship among
the performance, design parameters, and the energy-harvesting
features. Cyclic power control has also been proposed to adjust
erasure characteristics for better transmission reliability. Vali-
dated by numerical simulations, the proposed framework and
schemes realize an efficient end-to-end transmission in multi-
path, multihop networks formed by energy-harvesting devices
without needing costly end-to-end feedback and control.

APPENDIX

A. Derivation of Diversity

Due to the independency of the transmission in each time
interval, we have

B B
Pyi,....ys [0 =[] P 10 =]] Py |Sx). (23)
b=1

b=1
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The LLR A(x, X) is thus written as

B

AR = (log P(ys | S(x)) — log P(ys | S(ﬁ»). (24)
b=1
Since mn, is AWGN with time-varying No,, the
PDF P(y,|S(x)) is given by
PGy | S(X)) = oINSVl o
7 No,p
Inserting (25) into (24), we obtain
A(x, X)
5
=D —Ilyp — SR)oVhy > ——— llys —S(x) o Vihy |
P Nop Nop

M-
EI

(HAOVbhb” +2Re{(AoVbhb)Hn}), (26)

b=1

where A = S(x) — S(X), and Re{-} and ()" respectively
denote the real part and the Hermitian conjugation. It can
be seen from (26) that, conditioned on h;, and V; for
b=1,...,B, A is a Gaussian random variable with mean
UA = Zle ﬁ I|A o Vyhp||? and variance ai =2UA.

The PEP derivation proceeds approximation by the Chernoff
bound [42]

f&x—>X)~ fcp(x —> X) = mtin M (1), 27

where M (t) = exp ((t +1?)un) is the moment-generating
function (MGF) of A. It can be verified that the minimum of
M (¢) occurs at t = —1/2. Consequently,

fep(X — X) = Mj (—%) = exp (—%) .

To expand (28), we reformulate up as follows:

(28)

B B

1 1
— A o Vphy|? = —hH(A o Vp) (A o Vp)hy,

@ H
Z NO ; UbDbUb h;,

B
) Ly
= —q;, Dpqp
© B 1 rank(AoVy)
=> — > el
e (U —
(29)

In (29), (a) follows from the eigendecomposition of the
Hermitian matrix Vf o AT AoV, [36], where Uy is a unitary
matrix and D;, is the diagonal matrix with eigenvalues J ,
as the diagonal terms; (b) holds because of the definition
of qp = [qb,l,...,qb,R]T = Uphyp; (¢) follows from the
fact that rank(A) is the number of nonzero eigenvalues of
matrix A. By using (29), we have (12).
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B. Derivation of Erasure Statistics

Define Etp,, as the energy threshold that a relay node
needs to exceed in order to relay w symbols in the bth time
interval [43]. Since this energy threshold is assumed to at
least provide the channel capacity larger than the transmission
rate, we have the rate condition log, (1 + Er, "b"’) > wM.
Consequently, the minimum energy ET , ,, necessary for trans-
mitting w symbols of the coded data is derived as Etp,,, =
Nop(2¥M —1).

Given that the energy arrival is a compound Poisson process,
for the energy that the kth relay node in the rth path and the bth

time interval harvests (Ep, ), its CDF takes the form of

= z P (Z Ep ki < X) fn; AriLg),  (30)

n=1 i=1

FE[,’r,k ()C)

where Ej ;i denotes the value of the ith energy arrival at
the kth node in the rth relay path and the bth time interval,
and n € N represents the number of energy arrivals, which
is a Poisson random variable with its PDF f(n; Ap .k LE)
given by

(ih,r,k LE)”e*/lb,r,k Lg
n!

The probability P(3>_"_; Ep ki < x) in (30) is computed if
the statistics of the energy arrival are specified. For exam-
ple, if Ep i is uniformly distributed in [0, 1], the summa-
tion ZLI Ep ki has the Irwin-Hall distribution [1], whose
CDF can be used to obtain

n lx]

(n 1

P (z Epvis < ) >tk
i=1 j=0

-] is the floor operator. Inserting (32) and (31) into (30),
the CDF of the harvested energy Fg,,,(x) is computed as
in (17). Now, letting P(||v,|lo = w) be the probability of the
event that w portions of the coded data can be transmitted
through the rth path, we have

fn; AprkLE) =

€19

(32)

P(lIvrllo = w) = P(No,b(2w M—1) < min{Ep,,1,

oy Eprk, -1} < NopQWFD M—l))
-1
_H(l FEI;rA NOb(sz_l)))
K1
- H (1 —FE, 4 (NO,b(z(wH) M 1)))

k=1
(33)

C. Derivation of Expected Diversity

For the RA-PTC, we have full rank of A. When cyclic
power control is adopted, the diversity is lost only if a certain
relay path r in a certain time interval b cannot be used
to propagate any message due to energy shortage. That is,
among K, — 1 relay nodes, at least one node has harvested
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energy less than Et ;1 = No,»(2¥ — 1). The probability for
this event to happen can be derived as

K,—1
P(Ivo 1 =0) = 1 = [] (1 = Fa,,, No, @™ — 1))
k=1
K, —1
(a) M
~ > Fg,, (Nop@" — 1)), (34)

k=1

where (a) follows from the approximation [[,(1 — ax) =~
1 — > ar (valid for small ay).

Assuming that all relay nodes have the same energy-
harvesting statistics in all time intervals, the subscripts
of b and r can be dropped, leading to

P(lIvll = 0)~(K — 1)FE(No(2M — 1)). 35)

Then, under the assumption of independent energy-harvesting
statistics, the diversity is degraded only when a null column
vector v appears. Denoting x as the number of column
vectors v with at least one nonzero entry, the expected diversity
is computed as

RB
d = E[d] ZZP(X)-X
x=0

RB
=2 (RXB)P(nvn = 0)RE=*(1 — P(Iv] = 0)) - x
x=0

RB RB —1
= (1- P(Ivl = 0))RB ; (RB—x)(x — 1)
< P(IV = 0RF= (1 = P(Iv = )"
= (1= P(Ivll = 0))RB
RB-1 1 *
2 (RXB_ 1 )P<Ilv|| =0 FD=E (1= P(Iv] = 0))
x=0
@

= RB(1— P(|Iv] = 0))

~ RB (1 — (K — ) Fg(No(@M — 1))) : (36)

where (a) is due to the Binomial theorem.

D. Derivation of the Amount of Fading

For notational simplicity, in the following derivations,
we drop the time index b. To compute the amount of fading,
we first expand |g,|? as

lgr|? Z lutyr 1|y |

+2Z Z s ity B L1y | €08 (O —0,0),

S
ri=lry=r1+l1

37)

where 6, denotes the phase of &/, and u,s, is the (, r)th
entry of U. Assuming that each link experiences i.i.d. Rayleigh
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fading, the first few moments of the fading magnitudes |A, |
can be computed as [27]
2)Kr/

E 1] = HE[|grk| = (= (38)
B[] =TT [leus] = (2) "
k=1
K 2K
E[In*] = TT £ [lensl*] =25 (o2) (39)
k=1

Since 6, is the summation of K, uniformly-distributed
random variables with support [—z, 7], the random vari-
ables cos(f,, —6,,) is a random variable with sup-
port [—1, +1], with the first and second moments given by

- ei’z)] = 05

-

By using (37) and the property of the independency of |4, |
and 0,, the mean value of SNR is computed as

E [cos 6, (40)

E [cos2 @, — 41

( K:
E[yr]—NXE[| a?] € % Z| wP(e2) " @)
where (a) follows from (38) and (40). To calculate the second
moment of SNR, i.e., E [yrz], we expand |qr|4 as
R 2 R
lgr1* =(Z |ur/,r|2|hr/|2) + 2(2 |ur/,r|2|hr/|2)
r'=1 r'=1
R R
) 120 D7 Iyl kg |1y | cos (6, —6,1)
ri=lrj=r{+1
2
R R
+(2D0 D lwyr ity N1y [y | cos @ —6,)
ri=lrj=ri+1
(43)

Then, the second moment of SNR is computed by

e[ (% )( [(me e |)]

+E 22 Z oty Pty Pl 1Py 1P )

rlfl r2 r1+1

2K,/
(b)( ) (ZWr r|421</( )
=1
Kr/+Kr/
“y 3 Pl 12(o2) )

ri=1ry=r{+1

(44)

where (a) follows from (40) and (b) from (38).
The influence of K and R on the amount of fading can be
shown more clearly by assuming a normalized variance of the
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link gain, that is, agz = 1. With this assumption, (42) and (44)
are respectively simplified to

E [)’r] = Vt)a

2\ 2 R
2| @ (% . Bk _
E[y?] < (Nb) (2+;|ur,r| e 2)), (46)

where (a) follows from

R 2 R R R
2 4 2 2
I= E [y 17 ) = E w42 E E |uri,r| |ur£,r| .
'—1

r'=1 ri=lr=r{+1

(45)

(47)

With the results derived above, we have the amount of fading
expressed in (20).
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