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ABSTRACT

In our previous work, a time efficient data retrieval method was
proposed for distributed data sources using the generalized group
testing approach. In this work, we provide the physical-layer trans-
mission and reception sirategy that supports the implementation
of the group testing method. The integration of the two proto-
cols leads to a modified strategy that incorporates the errors oc-
curring within the feedback channel. We propose a signal modu-
lation scheme combined with the source and channel coding that
was proposed using the concept of group testing. The numeri-
cal simulations show an improved performance with the proposed
cooperative broadcasting scheme. Our methodology does not sep-
arate channel and source coding and can be implemented with a
two layer architecture with low complexity.

1. INTRODUCTION

Standard communication and data compression models have been
proven to be ineffective in solving the network broadeast problem
when the number of sensors increases in the network [1]. In fact,
in a shared medium, sensors’ exchange of local information leads
to either congestion or excessive interference. Expanding our pre-
vious work [2-5], we establish, in this paper, the physical layer
transmission protocol that is suitable for the data exchange of a
large scale sensor network.

In [3-5], we proposed a new class of multiple access meth-
ods for data exchange by generalizing the concept of group test-
" ing. We referred to these methods as the Group Testing Multiple
Access (GTMA) schemes. GTMA allows the sensors with iden-
tical observations to share the same transmission time slot, thus,
reducing the total number of channel accesses when the local ob-
servations are highly correlated. In fact, we have shown that, for
relevant data models [3-53), GTMA requires a number of channel
accesses that scales in the order of the joint entropy of the sensor
observations, when the number of sensors increases. With GTMA,
we are able to provide a combined sotution for both the data trans-
port problem and the data compression problem. As opposed to
distributed source coding (DSC) schemes [6], GTMA achieves
compression gains without encoding over the temporal dimension,
thus, avoiding the large latency of DSC methods due to long code-
words and the sequential decoding structure. More importantly,
GTMA helps defining a novel architecture specifically tailored to
sensor petworks, which includes the sensing layer, data collection
laver and physical transmission layer as shown in Fig. 1. In fact,
the GTMA protocol proposed in [3-5] has exclusive exchanges
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Fig. 1. Mustration of the data distribution structure.

of control information from the data collection functionality and
feedback information from the physical layer functionaliry.

In the specific strategies proposed in [3-3], the physical layer
receiver was assumed to be able to decode, without error, the logic
OR of individual boolean feedbacks from all nodes. The goal of
this paper is to describe a complete physical layer architecture that
is compatible with this model and that also incorporates noise and
errors that arise in practice. We consider two options: (1) direct
transmission links between each transmitting and receiving sen-
sor; and (2) cooperative physical layer broadcasting, i.e. a revised
version of the distributed cooperative technique which we call the
Opportunistic Large Array (OLLA) [2].

Prior 1o describing the physical layer, we first give a brief de-
scription of the GTMA strategy and specify the tree splitting algo-
rithm that we will use throughout this work.

2. GROUP TESTING MULTIPLE ACCESS

Consider the set of sensors § = {59, - ,8x5 -1} with binary ob-
servations X = [Xg,--- , Xn_1] (ie. X; € {0,1} is the obser-
vation made by sensor §;). The goal of GTMA is to design the
scheduling and the transmission strategies of the sensors such that
the observation at each individual sensor is efficiently distributed
to all the other sensors in the network.

Assume that the binary field consists of large patches of 0’s
and large patches of 1's, such as the example shown in Fig, 5.
In this case, a group of contiguous sensors will likely observe the
same bit of information. As opposed to TDMA, which aliccates
a distinct channel to each individoal sensor, GTMA allocates a
single transmission period to a group of sensors with size greater
or equal to 1. The scheduled transmissions in GTMA strategies are
analogous to the testing of groups in classical group testing {7].

Specifically, let there be two orthogonal channels allocated for
the transmission of each sensor group and let I/ C & be the group
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Fig. 3. Group Testing with multiple levels of quantization.

of contiguous sensors that is scheduled to transmit at the present
time slot. In the first channel (CH1), all the nodes that observed
1 within the group U will emit their signals simultaneously which
will form a positive signalling in CHI if there is at least one sensor
within the group that observed the symbol 1; otherwise, the chan-
nel will remain silent. Similarly, all nodes that observed 0 will
respond in channel 2 (CH2). If the observations of the sensors in
U are identical, only one channel will have a positive response and
the feedback that is formed will be either 0 or 1, as shown in Fig.
2. However, if the observations of the sensors consists of different
values, the feedback will result in an erasure (i.e. the e feedback
shown in Fig. 2) and a subgroup of the sensors will be required to
retransmit in the following time slot. By successively refining the
size of the transmitting groups, the transmission will eventually be
successful and a new group can be scheduled for the next trans-
mission. Suppese that all the sensors have noiseless access to the
two channels, the feedback given through the channel will provide
each sensor with sufficient knowledge to determine the next test
that is defined by the GTMA protocol and eventually allow each
sensor to reconstruct the entire sensor field at its local site.

Suppose the sensor observes a deterministically smooth and
continuous field quantized with B bits of information, i.e. X; =
fbo.by, -+ ,bp—1] where b; € {0,1}. With low spatial frequency
or high sensor density, we shall expect large sets of close-by sen-
sors to observe identical symbols at the most significant bit (bg),
such as the groups Uyp, U1 and Usz shown in Fig. 3. Since
the groups consist of contignous sensors, the sensor field corre-
sponding to the area of these groups are also smooth and continu-
ous. Therefore, one can impose a similar group testing scheme on
each of these individual groups. With the methodology that ef-
ficiently acquires information from a binary sensor field, we can
iterate this procedure to determine the bits of the quantized sam-
ples in the order of significance.

In the following, we introduce the tree splitting protocol with
the 0, 1, e feedback as a special case of group testing.

2.1. Tree Splitting Protocol with 0, 1, e feedback

In the tree splitting protocol, we initiate the process by schedul-
ing a transmission on the group 7 = &. When the feedback re-
sults is an erasure, the tested group will be divided inte two sub-

uLuLuL

DL 7 3, - .
w2 - -
=1 RUL .
=
IEUL -
- R
“
DL - >
o
. b o

Fig. 4. The location-based splitting of tested groups.

groups where each subgroup is transmitted separately in the sub-
sequent transmission periods. The splitting process continues until
the feedback is either 0 or 1 in which case the content of their ob-
servations are resolved and the smallest group (defined through the
previous splitting) that is not yet resolved is scheduled ro transmit
in the subsequent time slot. The set of groups constitute a binary
tree where each parent node has two children nodes that represent
the two divided subgroups as mentioned above. In this case, each
node within the tree represents a group that contains all sensors
within its own subtree. The scheduling of group transmissions are
governed by the tree structure and the feedbacks, These are the
functionalities that are referred to by the data collection layer.

In practice, the splitting of groups can be performed according
to the location of the sensors. More specifically, let the set of sen-
sors & be randemly distributed within the d x d square area and let
the sensors be grouped in the order shown in Fig. 4. When the ini-
tial group & results in an erasure, we first split the network into the
(L)eft and (R)ight groups according to their locations by equally
partitioning the square area. If the testing of group L results in an
erasure, we split the L group into the (U)p-L group and (Dyown-L
group and test each of them individually in the subsequent periods.
However, if the feedback is either 0 or 1, we proceed on testing the
next smallest group that is not yet resolved which is R in this case.
Assuming that the feedbacks continue to be erasures, we proceed
on splitting the nodes, as shown in Fig. 4, into the Left of UL and
Right of UL, then Up of LUL and Down of LUL ... etc.

The advantage of the proposed algorithm is that no knowledge
of the sensor field is required at the sensors, nor is the location of

other sensors.

3. PHYSICAL TRANSMISSION MODEL

In GTMA, each tested group of sensors are allocated a distinct
transmission period in which they convey their collective feed-
back, as shown in Fig. 2. By ensuring a reliable distribution of
the feedback, each sensors will be able to reconstruct the entire
sequence of observations. In this section, we consider two op-
tions for the physical transmission layer: (1) the Non-Cooperative
Transmission scheme; and (2) the Cooperative Transmission scheme,
Both of these strategies are realized with a simple on-off pulse
transmitter and an energy detector at each individual receiver.

3.1. Non-Cooperative Transmission

Assume that the allocated transmission period of each test is syn-
chronized among sensors' and that each sensor s, € S has knowl-

1The synchronization can be obtained by using the disiributed synchro-
nization protocol proposed in [8].
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edge of their own location. For each tested group of sensors U,
we allocate two channels using the orthogonal waveforms p1(t)
and p2(t), eg the orthogenal FSK with p{t) = &°"/* and
p2(t) = I2"UTR/ZTN where T is the duration of each trans-
missien period. For each sensor s; € U, a signal

a;(t) = X;jp1(t) + X;pa(t) o

is transmitted according to the observation X; and its complement
X;. Without transmitter cooperation, each sensor s; € & receives
the mixwre of signals emitted directly from the sensors in U, De-
noting by {e(t), b(t}} the inner product between the two functions
a(t) and b(t), in AWGN, a sufficient statistic for the observation
is given by

ri = [(ri(t), p1()}, {ri(t), p2(2))] = [ri1, i) @
—jdi/e e idiniey
Zd el 41241 ,Zd,,k - +Ttiz
ki ki
SEU el

where hy. is the Rayleigh fading coefficient between s; and si,
dik is the distance, ¢ is the speed of light and 143, 1242 are additive
white gaussian noise with variance Ny /2.

For a sensor s;€L7 such that X;=1, it is sufficient to apply the
detection only upon the signal received within channel 2 since the
sensar itself has transmitted in channel 1. Therefore, the sensor
need only to distinguish between the following two hypotheses:

Hy: riz = na ) (3}
Hey: 1= Zk;ei;skeU%:kae_Jd“‘/c'F niz # Riz.
Similarly, for sensor s; € U such that X; = 0, the two hypothe-
ses are Hep: 3X; = 1 for some 55 € U and Ho: X; = 0 for
all s; € U. However, for sensors that do not belong to the tested
group, the detection must be imposed on both transmission chan-
nels, resulting in the four hypotheses: Hy, Hi, He = Heo U Heax
and Hpuy = HS U HE, where Hp, Hi and H, correspond to
the 0, 1, e feedback shown in Fig. 2 while the event H,,,,;; occurs
when the tested area, chosen from the location-based strategy, does
not contain any sensor: In this case, an additional source of error
may occur between Hg and H, or between {Ho, Hy, H.} and
Hount due to missed detection of signals. When an error result-
ing in the decision on Hayuy occurs, a random decision is taken
between 0 or 1 for sensors within the tested group.

Consider a sensor field which is deierministic and unknown,
and that the channel gains h;j, and distances d;, for all 7, k, are
fixed throughout the transmission of one observation sequence.
We adopt the simple energy detector to detect the presence of the
signal within channel 2. The energy detector [9] is optimal for
the case of detecting deterministic and unknown signals in addi-
tive white gaussian noise. Therefore, the decision rule is defined
as follows:

e for|lrf? > 7
1 otherwise.

Z=D(rls: €U, X:=1) = { ()
where Z is the feedback received and 7 is the threshold chosen
with respect to the desired false alarm probability. Stmilarly, one
can utilize the same detection strategy on ry; to solve the detection
problem for tested sensors that observed X; = 0.

Consider the case where s; ¢ U. In this case, the optimal de-
cision rule for the hypothesis testing is Z = D(ri|s; ¢ U) =

MaxXe—0,1,enuit PI{Ha|r:}. However, to simplify the receiver
structure, we approximate the optimal decision rule by uiilizing the
same detection rule as shown in (4) for both transmission channels.
The combined detection rule is

D(rls; € U) = (L{zirin)>rhs L) >} ) »

where 1y; is the indicator function. The outputs (0, 1), (1, 0) and
(1,1) correspond to the 0, 1, e feedback described in Section 2.
(0, 0) indicates the case that no sensor resides in the tested area,
Le. the null case.

3.2. Cooperative Transmission

In the non-cooperative transmission scheme, sensors broadcast their
local response by transmitting a signal directly to all the other
sensors through the wireless broadcast medium. At the receiver,
an aggregate signal waveform is received with which the desired
feedback information is obtained. In this case, the sensors must
transmit with a sufficiently large power in order to achieve a reli-
able reception, which limits the application to sensors located in a
small area. In fact, in the worst case scenario, one node may have
to the detect the presence of a signal from the node farthest away
in order to receive correctly the feedback, in which case the power
necessary to reliably communicate the information is prohibitive,
Hence, a cooperative form of information delivery would clearly
provide an advantage over the non-cooperative scheme. Given that
the feedback from each test is only a two-bit information, it is par-
ticularly important in this context to avoid the heavy duty network-
ing and MAC protocols used in packet networks. Hence, we pro-
pose a cooperative transmission scheme based on what we called
the Opportunisitec Large Array (OLA) {2], which is consistent with
our architecture in Fig. 1.

Let U be the group of sensors tested in the present transmis-
sion period and let Up = {s; € U : X; = 0} C U. Similarly,
let Uy = {s; € U : X; = 1}. The transmission is initiated
by having cach sensor s; € U transmit a signal as in (1). In this
case, the group of sensors U will serve as the leaders of the coop-
erative broadcast in channel CH1 while the group Uy are leaders
in channel CH2. Each cooperative broadcasting is operated inde-
pendently in the two channels as described in the following. Let’s
consider, w.l.o.g., the aggregate signal received in CH2 after the
transmission of the leaders Uy, i.e. for receiver s; € 8 — U,

vy = Z Z%keﬂd““/c + niz. (%)
kisk€lg F
This signal is equivalent to the received signal in the non-cooperative
scheme. Based on the received signal, each receiver performs a
Neyman-Pearson detection to determine the presence or absence
of a transmitted pulse, i.e. the decision at sensor s; is ’D(r Y )
Y{jirseeyi22-) Where 7 is the optimal decision threshold dcter~
mined through the given false alarm probability. At this point,
the performance of the system is equivalent to the non-cooperative
scheme. However, instead of determining the feedback informa-
tion based on the present decision, we let each sensor that detected
the presence of a pulse to relay the information by retransmitting
the same pulse. This set of sensors are defined as

Li={si € S~ Up: DM (t)) = 1}.

The retransmission of the relaying nodes will then increase the
energy of the received signal at the nodes that have not yet detected

228



the pulse, f.e. fors; € S — U — Ly,

ik g, Rim  _jta,
2 =3 Efe sinley §™ T $edim/e48)

k:sp€Up misy, €L,

~

~ h’?ie—j(dim/rziré) + Tin (&)
mismELy vid

where § is the processing time of the first detection. In this case,

the signal received from the source are negligible compared to the

relaying signals and the newly informed sensors form a second

layer of relay, i.e.

Ly={si€S-Up— L : DrP (1)) = 1}.

Continuing in this fashion, the retransmission of the relaying nodes
will cause an avalanche of signalling that will spread the feedback
throughout the entire network (given that the power of the trans-
mission or the density of the sensors are sufficiently large [2]). The
signal received by nodes in the I-th layer is approximately

PSS %e—jldm/ﬂr(f—l)ﬁl .
kisp€lyg i

However, if no pulse is detected by any of the receiving sensors,
it is assumed that I/ is an empty set and the test will proceed
on a subsequently chosen group. The aggregate signal strength of
both the sources and the relays provide the receiver with a reliable
detection of the feedback information while maintaining the low
latency of a symbol-based transmission system.

For an appropriately chosen false alarm probability and a suf-
ficiently dense network, we can assume that the detection proba-
bility will be approximately equal to 1. Even when a false alarm
occurs during the channel for which a source was in fact transmit-
ting, the false alarm will not alter the received feedback informa-
tion. However, when a false alarm occurred when no sensors were
originally transmitting, the false detection will propagate through-
oul the network, causing an error in determining the subsequent
group tests. In order to detect this error and the error that exists in
the non-cooperative case, we introduce, in the following section,
a simple error detection to increase the reliability of the resolved
sequence of observations.

Remark 1 [n general, group testing protocols often determine their
siibsequent group tests based on the previously received feedbacks.
In this case, the detection performance can be further improved by
considering the correlation of the observations through the knowl-
edge of previous feedbacks, i.e. Z;=D(r:(t)| 2y, -- , Zt—1). How-
ever, the tree splitting protocol is a special case of the group testing
protocols where the sequence of tests do not depend on the stochas-
tic knowledge of the sensors field, therefore, we do not consider the
Sfeedback information in the decision rules shown in this section.

4. ERROR DETECTION WITH GROUP TESTING

. In designing the data collection protocel as done in [3-5] and Sec-
tion 2, we utilized the concept of group testing to define the control
and feedback information required to effectively schedule the col-
lective transmission of sensor observations. However, it is clear
from our physical layer model that feedback errors may occur in
practice. These errors will cause erroneous state transitions within

{a) ()

Fig,. 5. The illustration of the deterministic binary field.

the group testing process, thus, propagating the error over the se-
lection of subsequent tests. To overcome this effect, we impose an
error detection bit after every m feedback transmissions and reiter-
ate the corresponding sequence of group tests whenever an error is
detected. Although a more complicated forward error correction
strategy can be imposed, the simplicity of the following scheme
allows us to illustrate the effectiveness of our physical layer trans-
mission strategy.

Considering the 0, 1, e feedback system and the transmission
protocol shown in Section 3, it is easy to see that the dominant
errors occur between the symbols 1 and e, or between 0 and e.
Therefore, after a sequence of m feedback transmissions, we let
each sensor calculate the even parity of their erasure feedbacks
within the block of m symbols, i.e. each sensor transmits a 0 if
there is an even number of e’s, otherwise, it transmits 1, Simi-
larly, the parity transmission results in the 0, 1, e reception where
the ¢ outcome indicates the existence of an erroneous sensor. The
block size m can be chosen to adapt to the error probability of
the physical transmission strategy. More specifically, m is small
for the non-cocperative case, where the error probability is higher
compared to the cooperative case.

In general, higher dimensional error correction codes can be
appended to every block of feedbacks to implement forward er-
ror correction capabilities. For example, by allowing the appended
symbols to correct the earliest error within the block, one can re-
cover from the erroneous state transitions if the subsequent sym-
bols were received correctly. Even when an ambiguity occurs in
the subsequent sequence of feedbacks, a maximum likelihood de-
coder can be implemented to obtain the optimal reconstruction,
much like the well-known Viterbi decoder. A more complete dis-
cussion on the error correction coding for GTMA is beyond the

.scope of this paper and will be the focus of our future work,

5. PERFORMANCE EVALUATION

Consider the case where /N sensors are distributed in a regular grid
within g d x d square area. In our experiments, we consider two
examples of the binary field as shown in Fig. 5, where each sensor
observes the local binary information according to the illustrated
figures. The field described in Fig. 5(a) is ideal for the location-
based splitting as defined in Fig. 4 since the partitioning of the area
is consistent with the realization of the sensor field. In this case,
the number of tests necessary to resolve the field is equal to 7.
However, the field illustrated in Fig. 5(b) requires a much higher
number tests which depends on the distribution of the sensors.

In the first experiment, we look at a network of N = 36 sen-
sors where the sensors are distributed in a 6-by-6 regular grid as
shown in Fig. 6. Let each sensor observe its local information ac-
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(a) Non-Cooperative (b} Cooperative

Fig. 6. The reconstruction of the field using no error detection
when detecting the field shown in Fig. 5(a).

(a) Non-Cooperative

(b} Cooperative

Fig. 7. The reconstruction of the field using no error detection
when detecting the field shown in Fig. 5(b).

cording to the image shown in Fig. 5{a}. In Fig. 6, we show the
performance of the non-cooperative and cooperative transmission
schemes using the receiver model specified in Section 3. The chan-
nel coefficients, ., for all § and 7, are assumed (o be independent
Rayleigh coefficients with variance 1, which are randomly deter-
mined for each trial but fixed over different experiments. In this
simulation, we set the noise variance N, = 0.002 and the detec-
tion threshold 7= 0.01. Through the sequence of feedbacks, each
sensor will have a local reconstruction of the sensor field degraded
by the channel errors. In Fig. 6, the reconstruction, with no error
detection, is illustrated in a gray scale image with each block rep-
resenting the average reconstruction over all sensors and over 10
different sets of channel coefficients. We can see that both schemes
perform relatively well, however, the cooperative case is slightly
better than the non-cooperative case. The average number of tests
required for the cooperative scheme is 9 while 11 is required for
the non-cooperative scheme, indicating a higher error probability
in the latter case. However, if a larger number of tests are required
for the detected image, as it is for Fig. 5(b), a significant difference
may be observed between the two schemes due to the error propa-
. gation that results from the sequential selection of group tests. This
effect is shown in Fig. 7 for N, = 0.001, which shows that the co-
operative scheme provides us with a much more reliable transmis-
sion channel than the non-cooperative scheme without sacrificing
the latency necessary in packet networks.

In order to overcome the error effect, we impose an even parity
bit for the erasure feedback after every block of m = 4 symbols.
For the example shown in Fig. 7, we show, in Fig. 8, the per-
formance of the error detection scheme for the limited number of
retransmissions ReTX=10 and 1000, and for N, = 0.001. We
assume that the parity bit is received without error’. We see that
a simple error detection strategy combined with retransmissions

2The reliability of the parity bit can be performed with either a higher
transmission power or allow the majority of sensors to cooperate in correct-

(a) ECC, ReTX= 10 (b) ECC, ReTX= 103

Fig, 8. The reconstruction of the sensor field is shown for N = 36
and parity bit every m = 4 symbols.

can significantly improve the average reconstruction performance
as shown in Fig. 8. However, the number of channel accesses
also increases significantly, e.g. an average of 203.1 and 9317.9
transmissions are required for the cases ReTX=10 and 1000, as
opposed to 45 for the noiseless case. We note that the imiprove-
ment between the cases ReTX=10 and 1000 are limited while the
total number of retransmissions are significantly increased. In this
case, it is desirable to adopt a small number of retransmissions
that achieves sufficient resolution for applying standard denoising
techniques at each local site. Although the refransmission scheme
shown in this paper is simple and sufficient for illustrating the
physical layer protoco! that we propose, a more complicated er-
ror correction code can be derived as mentioned in Section 4.
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