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Abstract—In body area networks (BANs), a node placed near
the hub has a significant signal strength advantage. This issue,
known as near-far problem, indicates that a near node may
serve as a relay for a far node. Currently, the established
orthogonal multiple access (OMA) requires the allocation of a
specific resource block to a single node. In contrast, the emerging
non-orthogonal multiple access (NOMA) allows simultaneous
transmissions and uses successive interference cancellation (SIC)
to recover the signals. For the first time in the literature, we
introduce NOMA in BANSs, to allow simultaneous transmissions
from two nodes at a time, with distinguishable power levels.
The crucial part of this technique is the dynamic pairing of
the nodes by the hub. First, we review the fundamentals of
uplink NOMA and we propose an access protocol in compliance
with IEEE 802.15.6-2012, which combines random OMA with
scheduled NOMA. Next, we propose three node pairing strategies,
namely a random, a correlative and a conditional one, to meet
the requirements of several applications. These strategies are
evaluated with packet level simulations in OMNeT++. Our results
show that the proposed scheme outperforms the basic OMA
scheme at high packet rates and provides a feasible direction
for novel relay-based applications.

Index Terms—access protocols, body area networks, interfer-
ence cancellation, non-orthogonal multiple access.

I. INTRODUCTION

ON-ORTHOGONAL multiple access (NOMA) has re-

ceived significant attention lately, specifically in the
context of 5G (see [l], [2]). The underlying technology,
successive interference cancellation (SIC), is a well known
capacity achieving technique (see [3]) which has not been
exploited yet, due to hardware limitations. In this work, we
investigate the feasibility and the potential benefits of power-
domain NOMA in body area networks (BANSs) [4], particularly
when the sensor nodes are placed on body surface. This is a
much requested use case which applies to several medical and
entertainment applications. We are particularly interested in
the uplink, since the sensor nodes transmit their data packets
to a hub, usually a smartphone [5], or a wristband.

NOMA, based on superposition coding and SIC (see [6]),
emerged from NTT Docomo as a candidate technology for
future radio access [7]. An overview of the contributions
from NTT Docomo is provided in [8]. Moreover, in [9] the
authors propose an uplink scheme by considering fairness
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among the users. Also in [10], a power allocation scheme
is proposed for the downlink and the uplink. Considering
medium access control (MAC), a multichannel ALOHA is
proposed in [11]. However, in our work, we focus on node
pairing and scheduled access. A valuable work on SIC-aware
scheduling is [12]. The proposed method uses power control
to maximize the throughput. Additionally, the authors from
NTT Docomo elaborate on low complexity access schemes
for practical implementations in [13] and [14]. Moreover,
in [15], the authors propose dynamic clustering algorithms for
the downlink and the uplink to maximize the overall system
throughput. Also, in [16] the authors propose user pairing
algorithms using channel quality indicator (CQI). In [17], the
authors follow the stochastic geometry approach to evaluate a
selective user pairing scheme. Lastly, in [18], user pairing is
investigated from a combinatorial perspective.

Recently, a few testbeds have been presented, including a
software defined radio (SDR) implementation in [19] and a
low cost Wi-Fi implementation in [20]. The most remarkable
development is credited to NTT Docomo and MediaTek,
which performed experimental trials using handheld devices,
presented in [21]. These trials indicate that it is the right time
to apply NOMA in BANSs, since our only prerequisite is a
module with SIC capability, to use as a hub.

In this work, we attempt to satisfy the requirements of
BANsS, particularly low latency, using low complexity schedul-
ing. To the best of our knowledge, this is the first study
of NOMA in BANs. Thus, our work is also oriented to-
wards the understanding of its implications. Power-domain
NOMA, based on multiplexed signals with distinguishable
power levels, motivates us to use a node with a strong signal
as a relay for a node with a weak signal using superposition
coding. Our purpose is to pair the nodes without any power
or rate control. Specifically, we exploit the near-far problem,
which is common in BANs due to the attachment of the
nodes on the human body. While the pairing of two nodes
might be considered as a limitation in other networks, the
dynamic pairing of just two nodes in each superframe unlocks
a new field of relay-based applications in BANSs. In this
context, pairing can be treated as a new layer of abstraction.
In order to satisfy the requirements of several applications,
we propose three pairing strategies for two nodes, which are
evaluated with realistic packet level simulations, implemented
with Castalia [22], in OMNeT++ [23].

The rest of this article is structured as follows. In Section II,
we present the system model. In Section III we elaborate on
the proposed node pairing strategies. In Section IV we discuss
the simulation results. Section V concludes the article.
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Fig. 1. A random instance of pathloss in 2.4 GHz (CM3A [26]).

II. SYSTEM MODEL

In this section we introduce our system model. Our concern
is to capture the basic features of BANS, in order to investigate
the feasibility of NOMA in realistic conditions. In the fol-
lowing, we elaborate on the most important topics, including
mobility, the wireless channel, the physical layer and the data
link layer.

A. Mobility

Mobility is a crucial aspect of BANs. The transmission
power levels are low and human body parts are constantly in
motion. Thus, a realistic representation of mobility is required,
in order to capture any connectivity issues. Here, we use a
trace-based mobility model with motion capture data from
HDMOS5 database [24], where a human subject walks inside
a small room, grabbing and depositing objects on shelves.
We place 1 hub and 9 sensor nodes on the human body.
This model describes a situation with moderate mobility in
a typical environment which can be associated with several
channel models. An animated version of this model can be
watched in [25], or the accompanying video of this article.

B. Wireless channel

According to the measurements from [27], time coherence
for walking is 125 ms. In our case, the symbol duration for
512 kbps and 1 bit per symbol is much shorter. Thus, we may
assume that the channel does not change during a symbol’s
transmission. However, we have to take into account pathloss
due to the absorption of the human body, which is a major
cause of signal degradation. Specifically, we use the lognormal
pathloss model CM3A, from the IEEE technical report on the
channel model for BANs [26]:

PL(d)gp = alogyg (d) + 5+ X (1, 07). (1)

The distance d is in mm and the coefficients of linear fitting
are: « = 6.6 and § = 36.1. X is a normally distributed
variable with 4 = 0 and ¢ = 3.8 dB. These values are
based on measurements in a hospital room, in 2.4 GHz.
The expected results up to 2 m are depicted in Fig. 1.
This model, combined with trace-based mobility creates a
sufficiently realistic environment with huge pathloss.

C. Physical layer

Power-domain NOMA is based on superposition coding
(see [28]). Our goal is the detection of symbols from multiple
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Fig. 2. From top to bottom: two superposed constellations, correct detection
of Ag or Ay, wrong detection of Ag or Ay with error propagation either to
the left or to the right.

transmitters on a superposed constellation. Considering the
case of two simultaneous signal transmissions with distinct
power levels S4, Sp and noise density Ny, the respective
rates should satisfy the single user constraints (see [6])

Sa Sp
RA < 10g2 (1 + ZVO> 5 RB < 10g2 <]. + ZVO) (2)
and yet another constraint due to superposition,

SA-I-SB)

N 3)

Ra+ Rp < log, <1+

This upper bound breaks into

Sa+SB Sa
1 1+ ——— ) =1 1+ ———
og2< + No > ogz( +N0+SB)

stage 1

S
+ log, (1 + N”;) (4)

————
stage 2

which unveils that a non zero rate for each node is feasible,
provided that the detection takes place in two stages. In stage
1, the receiver attempts to detect S4, while Sp is treated as
Gaussian interference. In stage 2, after a successful detection
and subtraction of the signal, Sp is free of interference.

The aforementioned method, known as SIC, assumes an
effective detection strategy at the receiver. In order to model
the uplink of BANs, we are interested in the superposition of
two BPSK or two QPSK constellations. Here, we use BPSK.
The results for QPSK are similar (see [29], [30]). In the case
of two nodes, a received signal by the hub is:

T:AZ‘+B]'+7”L, i,jG[O,l], (5)

where A;, B;, are the symbols from node A and node B re-
spectively and n is the additive white Gaussian noise (AWGN),
with mean value p = 0 and variance 02 = Ny /2. Please note
that the transmission powers are equal and the channel gains
are included in A;, Bj;. Equation (5) implies that we have
two superposed constellations in signal space, as depicted in
Fig. 2. Note that the minimum distances between the symbols
of each constellation are 2d4 and 2dp respectively, where

da = +/(&), and dp = /(&)p in terms of energy.
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Additionally, we assume that node A has a stronger signal
than node B.

In Fig. 2, upon a signal reception, the hub attempts to detect
the symbol of the strong signal (A;). Subsequently, it subtracts
the detected symbol and attempts to detect the symbol of the
weak signal (B;). If A; is detected successfully, there is a
strong possibility that the rest of the signal will suffice for a
successful detection of B;. However, a wrong detection of A;
causes error propagation either to the left or to the right.

The operations in Fig. 2 can be described with the following
probabilities. From top to bottom, P4 is the probability of
wrong detection of A;, Pp; is the probability of wrong
detection of B; provided that the detection of A; is correct
and Ppy is the probability of wrong detection of B; pro-
vided that the detection of A; is wrong. See [29], [30] for
the detailed derivations. The bit error probabilities P4 and
Py = Pp1 + Pps are expressed in terms of the Q-function:

21 da+dp da —dp
regle(Ung) e (YR ©
1 dp - da+dp
SUCRIE )
2d4 +dp 2d4 —dp
+Q<AW2>‘Q<AW2> ”

da—dp
(V)]

Note that the ()-function, defined as

L) S S S G
() - L (o 55)
(®)

gives the tail probability of normal distribution. We substitute
the (Q-function with the complimentary error function,

1 T
Q(x) 5 erfc (\/?) , 9)
which eliminates /2 and assists our calculations using C++
math library. Also, we substitute the &,/Ny of node A and
node B with 7, and g respectively to simplify the notation.
Thus, the bit error probabilities P4 and Pp are transformed
into the following convenient expressions:

P4 = % [erfc (\/'E+ \/’TB) + erfc (\/ﬂ— \/%)] , (10)

Py :i [2 erfc (\/’TB) — erfc (\/'Ta—&— M)

+ erfe (2¢/7a + v73) — erfe (2v/7a — v73)
+erfe (Ve — v78)] -

Fig. 3, includes these bit error probabilities (BEP) versus
signal to noise ratio (SNR), where v,,, is constant and g,
is variable. The BEP of basic BPSK from [6],

Y

2 1
Pgpsk = Q ( Af(f) = ierfc (vV8) » (12)
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Fig. 3. BEP curves: Yo, = 12 dB and ~yg, is variable, up to 12 dB.

is also included as a reference. We notice that Pg follows
Pgpsk, it gets a minimum value and subsequently it converges
with Py, as g, approaches 7,,. In order to calculate this
local minimum we use an approximation of Pp, depicted in
Fig. 3. Specifically, we select the first and the last element of
Pp, which match well the convex area. Thus, the approximate
expression is

1
Pp ~ 1 (2erfe (y/73) + erfc (v — v78)) - (13)
By differentiating with respect to vz we get
s 1 (6_(\/“77‘_\/%)2 - 6776> . (14)
dyg  2\/™p
Finally, for dPg/dys = 0 we get a handy rule of thumb:
Vo
= — 15
= 5)
which can be approximated in dB with
Yow = 10l0gy (41) % Yo —6 B (16)

This is mainly an indication rather than a strict constraint,
since we are dealing with probabilities. However, as an indi-
cation of the SIC capability of the receiver, it could be useful
during the pairing of nodes with low SNRs.

In practice, interference is the predominant limitation in
BANs due to short distances. Thus, we use signal to inter-
ference plus noise ratio (SINR) instead of SNR. In this work,
we use the additive interference model of Castalia, which may
be simplistic but it captures well the effect of interference.
For each received signal, every other signal is considered as
interference. The total power of interference is subtracted from
the power of the received signal before the detection. In order
to perform SIC, we enhanced the probabilistic detection model
of Castalia with P4 and Ppg, as expressed by the Equations
(10) and (11) respectively.
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Fig. 4. Superframes for OMA and NOMA, repeated over time.
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Fig. 5. Beam frame.

D. Data link layer

The basic superframe of IEEE 802.15.6-2012 for orthogo-
nal multiple access (OMA) includes a random access phase
(RAP). In order to support NOMA, we added a NOMA phase
(NAP) after RAP, as depicted in Fig. 4. At the beginning of
each superframe, the hub transmits a beacon to inform the
connected nodes about the upcoming RAP. During RAP, the
nodes transmit their data packets using carrier-sense multiple
access with collision avoidance (CSMA/CA). The hub stores
the received signal strength indication (RSSI) value, included
in the payload of each packet. At the end of each RAP, the hub
calculates the average RSSI value of each node and performs
an RSSI-based node pairing strategy to select a node with
strong signal (as node A) and a node with weak signal (as
node B); more on this in Section III. Subsequently, the hub
transmits a beam, depicted in Fig. 5, to inform the paired nodes
about the upcoming NAP. At this point, the hub switches to
SIC mode and the paired nodes may transmit their data packets
simultaneously, until the end of NAP. The aforementioned
procedure is depicted in Fig. 6.

A special note is required on the delay due to SIC. In [31],
a software implementation in GNU Radio [32], the delay is
about a few ms. This is not a major issue concerning latency,
due to the expected benefits of simultaneous transmissions.
However, this delay affects the timing of the protocol, specif-
ically the reception of Ack packets by the nodes after a
successful detection. In this work, we do not take into account
SIC delay due to the lack of any specific values. Our approach,
is to use an extended TX interval, including two Acks and their
interframe spaces,

Tpacket + 2 X Tyek + 4 x (pPMIFS + pExtralFS), a7

to allow enough time for both SIC and Ack reception.

III. NODE PAIRING STRATEGIES

The nodes in BANs suffer from huge pathloss due to the
absorption of human body. Thus, we may exploit the near-
far problem, in order to pair two nodes with distinguishable
signal strength values without any power or rate control.

http://dx.doi.org/10.1109/JSEN.2020.2986674
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Fig. 6. Communication during a superframe.

Upon the selection of node A, the signal strength of node B
should preferably satisfy (15), in order to minimize the error
probability. However, Fig. 3 shows that for high SNRs, Pgp is
expected to drop at very low values. Thus, provided that we
use BPSK signals, this constraint can be relaxed.

The proposed pairing strategies exploit pathloss, using
the RSSI values of the packets, on par with our previous
work [33]. The hub keeps the statistics of the received packets
and pairs two nodes in each superframe, according to its cur-
rent strategy. The very basic strategy is random pairing, which
seeks fairness among the nodes, from the perspective of data
link layer. Correlative pairing attempts to satisfy (15), which
correlates the signal strengths of two nodes. Lastly, conditional
pairing satisfies network and application specific requirements.
In the following, we elaborate on these strategies.

A. Random pairing

The hub stores the RSSI values from the received packets
and calculates an average SNR value for each node and a total
average SNR. The nodes with SNR above the total average are
put into group A and the rest of the nodes are put into group B.
Subsequently, node A is picked randomly from group A, while
node B is picked randomly from group B. Random pairing
uses a relaxed pairing constraint and promotes fairness in an
effortless way. Thus, it may serve as a fallback when any other
strategy is not feasible.

B. Correlative pairing

Correlative pairing takes into account the SIC capability
of the hub. First, the nodes are put into groups A and
B, according to their estimated SNRs. Node A is picked
randomly from group A. However, the selection of node B
is correlated to the SNR value of the selected node A. In our
case, the superposition of two BPSK signals, we select the
best matching node from group B, according to (15). This
procedure, depicted in Fig. 7, is ideal when the nodes have
low SNRs, provided that they have packets to sent.
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TABLE I
SIMULATION PARAMETERS

Put the nodes into

groups A and B

Parameter Value
Is pairing No . i
correlative Application  Time 60 s
Area 4mx2mx2m
Hub 1
A
Pick a random node Pick a random node Nodes 9
from group A from group A Packet rate 20-100 packets/s
v Data payload 100 bytes
Cal_culate Header overhead 5 bytes
the optimal SNR Network  NET packet overhead 10 bytes
' - 2 MAC  Slot duration 10 ms
Select the best Pick a random node Superfr: 12 sl
matching node from from group B upertrame slots
group B Access method (RAP)  Slotted CSMA/CA [4]
Access method (NAP) NOMA
End )e Buffer 16 packets
MAC frame overhead 7 bytes
Fig. 7. Correlative node pairing. PHY  Carrier frequency 2.4 GHz
Modulation BPSK
Putth Jos int Bits per symbol 1
ut the noaes Into .
groups A and B Bit rate 512 kbps
Noise bandwidth 100 kHz
s Noise floor -104 dBm
pairing Sensitivity -90 dBm
conditional RX power 3.1 mW
TX power 3.0 mW (-10 dBm)
Sleep power 0.05 mW
Put the nodes into PHY frame overhead 6 bytes
groups Ac and Be Channel  Pathloss model Lognormal: CM3A [26]
Mobility  Trace based model Grabbing and depositing

A

Pick a random node
from group A

Pick a random node
from group A

Pick a random node
from group Ac

A4

Pick a random node
from group B

Pick a random node
from group B

group Bc
empty
?

No

Pick a random node
from group Bc

l /E_nd

Fig. 8. Conditional node pairing.

C. Conditional pairing

Conditional pairing introduces an optional constraint which
can be set from upper layers. Again, the nodes are put into
groups A and B. Next, the nodes which satisfy a condition
are put into Ac and Bc respectively. Thus, node A and node
B are picked randomly from Ac and Bc. The complete flow of
events is included in Fig. 8. This strategy blends filtering with
randomness and provides several opportunities for pairing.

objects in a room [25]

Two useful use cases are: a buffer-aware pairing and a priority-
aware pairing. A buffer-aware pairing puts a node into Ac or
Be, if its buffered packets are more than the average buffered
packets. A priority-aware pairing puts a node into Ac or Bc,
if its packets are marked as high-priority.

IV. SIMULATION RESULTS

In this section, we evaluate the proposed pairing strategies,
specifically random, correlative and conditional, using 1 hub
and 9 sensor nodes in star topology, placed on the human body
(see Fig. 9). The simulations are implemented with Castalia,
in OMNeT++. Our metrics are the received beams, the sent
data packets, the received data packets and application level
latency. The provided results, received after 100 realizations
of each case, are compared to the results of a baseline OMA
scheme, in compliance with the standard.

The most important parameters are included in Table I.
Please note that the performance of the proposed strategies
depends heavily on the duration of the access phases. Here,
the baseline OMA scheme uses a RAP with 8 slots, while the
proposed scheme uses a RAP with 4 slots and a NAP with 4
slots, as depicted in Fig. 4. This arrangement is not restrictive.
In our case, it provides comparable, intuitive results and allows
us to identify the pros and cons of each pairing strategy.
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Fig. 9. Node placement.
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Fig. 10. A few RSSI traces during one realization.

Fig. 10 includes a few RSSI traces, during one realization
of the simulation. This figure unveils the feasibility of node
pairing without power control. We notice that the RSSI values
of the nodes lie in specific intervals. Even if the nodes move,
they are still restricted due to their attachment on the human
body. Thus, we have several opportunities for pairing. An
obvious pitfall is that we may have recurring pairs, due to the
aforementioned patterns. Hopefully, the employed randomness
during pairing will remedy this issue.

Fig. 11 and Fig. 12 provide an overview of the received
packets for a variable packet rate, from 20 packets/s to
100 packets/s. At low packet rates NAP is under-utilized due
to the fact that the paired nodes produce very few packets.
In Fig. 11, we notice that the baseline is already saturated at
50 packets/s, while the received packets with NOMA increase
up to 100 packets/s, due to the simultaneous transmissions
during NAP. In Fig. 12, the received packets with latency
below 100 ms show that NOMA outperforms OMA at high
packet rates.

The rest of the results are specific to 50 packets/s. At
this point, the performance of the baseline is saturated. This
allows us to focus on the performance of each pairing strategy.
Fig. 13 and Fig. 14 show the recipients of the transmitted
beams. Fig. 15 and Fig. 16 show the sent and received packets
respectively. Fig. 17 shows the reasons for packet failure from
the data link layer perspective. Lastly, Fig. 18 shows the
received packets with respect to application level latency, i.e.
the time interval from the creation of a packet until its delivery.

Random pairing performs very well, with minimal com-
plexity. As described in Section III, the two nodes are picked
randomly from two groups. This is indeed a very effective
strategy, since the SNRs of the nodes lie in certain intervals,
as exhibited in Fig. 10. Random pairing succeeds particularly
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Fig. 12. Received data packets at the hub with latency below 100 ms.

in terms of fairness. In Fig. 13, node 8 dominates as recipient
A, due to the fact that it is regularly present in group A.
However, in Fig. 14, the selection of recipient B is balanced. In
Fig. 15 and in Fig. 16, it seems that random pairing has similar
results compared to the baseline. However, Fig. 18, unveils
that random pairing has much lower latency. Additionally,
Fig. 17 indicates a reduced, but still significant number of
missed Acks, due to pathloss or failed SIC.

Correlative pairing exploits the SIC capability and attempts
an optimal selection of recipient B, according to the SNR
of recipient A. The received beams in Fig. 13 and Fig. 14
are quite similar to random pairing. However, in Fig. 15 and
Fig. 16, it under-performs in terms of the sent and received
data packets. Its weakness is that recipient B might not have
any packets to sent, while other nodes may be more in need.
This is visible in Fig. 17, where buffer overflow is increased
compared to random pairing. However, depending on SIC
capability and the channel conditions, this strategy might be
more suitable instead of an entirely random selection.

Conditional pairing serves as an abstraction for high layers
and has the most interesting operation because it enables
programmable pairing. Buffer-aware pairing serves low la-
tency applications. Fig. 11 shows that it outperforms the other
pairing strategies in terms of packet reception. This is also
depicted in Fig. 17, with reduced buffer overflow. Also, Fig. 18
shows that it is very effective in terms of latency. Priority-
aware pairing is an application specific strategy, which favors
certain nodes. For example, nodes 3, 5 and 7 may represent
Einthoven’s triangle, the basic setup for electrocardiography
(ECGQG). Fig. 13 and Fig. 14, show that these nodes are favored
which results in high packet reception in Fig. 16. Inevitably,
in Fig. 17, priority aware pairing experiences increased buffer
overflow due to the rest of the nodes.
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Fig. 13. Received beams at each node (Recipient A, at 50 packets/s).
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Fig. 14. Received beams at each node (Recipient B, at 50 packets/s).

A general remark concerning NOMA is that it shines at high
packet rates, where OMA is saturated. However, the proposed
scheme reserves some slots in each superframe for the paired
nodes, which means that access is denied to every other node.
This may result in unnecessary complicated scheduling at
low packet rates, where OMA operates efficiently without
any configuration. Thus, the coexistence of OMA and NOMA
seems the most reasonable direction. The critical point where
NOMA could be enabled is an upper latency threshold, which
is essentially a sign of saturation.

Depending on the hardware implementation, the required
signal processing for SIC implies increased delay and energy
consumption. Thus, NOMA is desirable only in the uplink of
BANS, using a capable device as a hub, such as a smartphone.
Thanks to central coordination, the sensor nodes may benefit
from increased capacity without any overhead.

The dynamic pairing of two nodes indicates an interesting,
alternative relaying technique which may satisfy several use
cases. Random pairing is an effective strategy which can
be used as an out-of-the-box feature. Correlative pairing is
useful in cases where random pairing might be inefficient,
particularly at low SNRs. Conditional pairing provides an
abstraction to the upper layers, which allows the deployment
of several applications.

To sum up, we highlight once again the fact that NOMA
is particularly beneficial in terms of latency (see Fig. 12 and
Fig. 18). The feasibility of uplink NOMA in BANs allows us
to reconsider the established relaying methods and to exploit
node pairing as an abstraction for novel relay-based schemes,
targeted at low latency applications. Thus, the proposed node
pairing strategies may serve as a first step for further research
and eventually an experimental evaluation.
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Fig. 16. Received data packets at the hub (at 50 packets/s).

V. CONCLUSION

In this article, for the first time in the literature, we presented
an implementation of power-domain NOMA in the uplink
of BANs, which exploits the near-far problem. Specifically,
the near nodes were used as relays of the far nodes using
superposition coding, without any power or rate control. For
this purpose, we proposed an access protocol and three node
pairing strategies from different perspectives, namely random,
correlative and conditional, which target the requirements of
BANS, particularly low latency. Having in mind that NOMA
is expected to serve novel applications rather than legacy ones,
we hope that these strategies could inspire further works on
several aspects of NOMA in BANs.
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