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ABSTRACT

In this paper, an original physical layer design of the IEEE
802.15.6 narrowband receiver is proposed, including frame
synchronization, timing synchronization, and carrier
frequency synchronization. This proposed single-carrier
system can be incorporated into a conventional multi-carrier
system of the IEEE 802.11 transceiver by reusing its
hardware resource. Simulation results show that the
performances of the proposed system approach closely to
the theoretical performances.

Index Terms—Wireless Body-Area Network (WBAN),
Internet of Things (loT), Physical Layer Design, IEEE
802.15.6, Frame Synchronization, Timing Synchronization,
Carrier Frequency Synchronization, 802.11.

1. INTRODUCTION

The IEEE 802.15.6 standard [1] is a short-range (within 3 m
range), low power, wireless communication standard in
close proximity to body area to offer reliable real-time
medical and non-medical services. Medical WBANSs
(Wireless Body Area Network) consist of implant devices
and wearable medical systems to measure the health status.
Non-medical WBAN includes wearable consumer
electronics and entertainment devices. Differently from the
UWB mode of the IEEE 802.15.6 standard targeting non-
medical applications, the narrowband mode standard [2]
particularly aims at becoming an loT (internet of things)
standard for the future healthcare and medical industries.
Therefore, this paper focuses on the narrowband mode.

Over the 2.4-GHz ISM band, several important wireless
communication  standards  coexist, including IEEE
802.11a/b/g/n (WiFi) [3], IEEE 802.15.1 (Bluetooth) [4],
IEEE 802.15.4 (ZigBee) [5], and IEEE 802.15.6 (Wireless
Body-Area Network, WBAN) standards. Among these
standards, the IEEE 802.11a/b/g/n standard is the most
popular wireless communication standard. For the WBAN
standard, it would be extremely attractive to have the same
coverage as the WiFi standard. Therefore, differently from
the works in [6]-[12], this paper intends at designing a
single-carrier receiver for the IEEE 802.15.6 narrowband

mode by exploiting multi-carrier signal processing
algorithms, such as used in the 802.11a/b/g/n standard.

This paper is organized as follows. The physical layer
specifications of the IEEE 802.15.6 narrowband signal are
recalled in section 2. The WiFi compatible designs for the
physical layer of IEEE 802.15.6 standard are detailed in
section 3. The performances of the proposal are displayed in
section 4. Conclusion is made at the end of this paper.

2. PHYSICAL LAYER SPECIFICATION OF IEEE
802.15.6 NARROWBAND SIGNAL

The IEEE 802.15.6 physical layer frame structure is shown
in Fig.1. The physical layer consists of three parts, i.e., the
Physical Layer Convergence Protocol (PLCP) preamble, the
PLCP header and the physical layer service data unit
(PSDU). The latter two parts together are called Physical
layer Protocol Data Unit (PPDU).
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Fig.1. IEEE 802.15.6 WBAN physical layer frame structure
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The first part is the PLCP preamble. It serves as a known
training sequence for baseband processing functions, such as
frame synchronization (or packet detection), timing
synchronization, frequency synchronization. For the
narrowband mode, two types of PLCP preambles are
defined in order to reduce false alarms coming from the
networks operating on adjacent channels. Each preamble is
defined by concatenating a 63-bit M-sequence with the
following 27-bit extension sequence
010101010101101101101101101. Since the preamble bit
sequence is z/2 -DBPSK modulated, the preamble contains

90 complex-valued symbols.

The second part of the frame is the PLCP header and is also
the first component of the PPDU. The 31-bit-PLCP header
includes the most important physical layer coding and
modulation parameters, a header check sequence (HCS) and
BCH parity bits. Since this part is also z/2 -DBPSK



modulated, the PLCP header contains 31 complex-valued
symbols.

The last part of the frame is the PSDU is also the last part of
the PPDU. This part contains the MAC header, a MAC
frame body which contains the useful information and a
frame check sequence (FCS). The PSDU is then encoded
and spread/interleaved before being scrambled. For the
narrowband mode, the binary sequence in the PSDU is
mapped onto one of the three rotated and differentially
encoded constellations: z/2 -DBPSK, /4 -DQPSK or /8-

D8PSK.

Table l. z/2-DBPSK

b(k) Py
/2
1 /2

Table Il. z/4 -DQPSK

b(2k), b(2k +1) P
0,0 z/4
0,1 3r/4
1,0 Tr/4
1,1 57/4

Table 1ll. z/8-D8PSK

b(2k), b(2k+1), b(3k+2) 2
0,0,0 /8
0,0,1 37/8
0,1,0 /8
0,1,1 57/8
1,0,0 157/8
1,0,1 137/8
1,10 9r7/8
1,11 117/8

For any of the previous differentially encoded
constellations, the binary bit stream b(n), n=10, 1, ...,
N-1 is mapped onto a corresponding complex-valued
sequence s(k), k =0, 1, ..., (N/log,(M))-1 as shown as
below:

s(k)=s(k-Lexp(iq.), (1)
where M is the constellation order, s(-1)=exp(jz/2) is

the reference for the first symbol of the preamble and the
phase transitions between symbols ¢, are given in Table I,

Table Il or Table 1l for z/2 -DBPSK, z/4-DQPSK or /8

-D8PSK, respectively.
Due to the short communication range, as well as the low
symbol rate, the communication channel can be treated as a

flat-fading and slow-varying channel. Therefore, the
received observation signal can be modeled as:

r(t)= hzn:snu (t=nT,, )+ w(t), )

where u(t) is the conventional square-root raised cosine

(SRRC) pulse shaping filter, h is the slow-varying flat-
fading channel attenuation and is treated as a constant
within a packet reception period.

Based on (2), the received baseband processing should
include  frame  synchronization, carrier  frequency
synchronization, and timing synchronization before
performing differential DMPSK symbol detection. It should
be mentioned that carrier phase synchronization is not
performed thanks to the differential detection applied for
demapping DMPSK symbols.

3. PHYSICAL LAYER DESIGN

In this section, the various baseband signal processing
blocks — frame synchronization, carrier frequency
synchronization and timing synchronization are detailed.

3.1. Frame synchronization

Since the IEEE 802.15.6 system is a packet-based
transmission system, locating the start of frame (SOF)
should be the first task to be established before any other
baseband processing. Therefore, the frame synchronization
should tolerate various front-end impairments such as
sampling clock timing offset, carrier frequency offset, and
additive noise.

In order to perform robust frame synchronization over the
received samples with sampling rate f__=2f the

samp symb !

following time-domain correlation algorithm is proposed:

I

arg {mﬂax {ZL:
3

where fi,. is the estimated start of frame (SOF), r(n) is the

received oversampled observation at time instante n ,
Tym =1/ fmy IS the symbol time interval, T, =1/ f_  is the

sampling time interval, @ is the n-th phase transition

89— T ! P~
Zr(n +p +|Tsymb]f*(” +p)[ Jexp{-id,..)
p=0 4=0

samp

amp

between the successive DMPSK symbols s(n) and s(n-1).
Two points should be noted: First, the differential

correlation term r(nHTSV”bJr*(n) reduces the impact of the
samp
carrier frequency offset without having been established yet.
Second, the index | indicates that the correlation is not only
performed between consecutive symbol-time spaced
samples, it is also performed between with several symbol-
time spaced samples. This improves the robustness of the
frame synchronization.



In the proposed frame synchronization, L =2 is enough to
locate SOF with a carrier frequency offset f.,=0.1f,,, and

a signal-to-noise ratio SNR = -1 dB.

symb

3.2. Carrier frequency synchronization

Proceeded the frame synchronization, the carrier frequency

synchronization is the second to be established. It has huge

impact over the timing synchronization and the symbol
detection.

Similarly to a conventional OFDM system, the carrier

frequency synchronization consists of a coarse CFO (carrier

frequency offset) synchronization step and a fine CFO
synchronization step.

The coarse CFO synchronization is performed over the

received oversampled observations as follows:

1) Transform every NS oversampled time-domain
preamble observations into the frequency domain by
FFT. The corresponding frequency-domain preamble
observations are designated as R(k), k = 0, 1, ...,
NE 13

2) Transform the corresponding NS°/2 time-domain
preamble into the frequency domain by FFT. The
corresponding frequency-domain preamble
observations are designated as P(k), k=0, 1, ...,
NEEP /2-1;

3) Perform shift correlation and locate the maximum

correlation  between the two frequency-domain
sequences as:

ACFO

coarse
CFO
NEer /4’1

> Ii((p+n)modN§,f$)F3*(p)

p=0

NEEP/2-1 N EFo B

+ Y R[(p+F2FT+n]modN§:$]P*(p)

p=NEE /4

arg< max
n

(4)

where mod N> means a module NP operation.

The estimated CFO < s then equal to:

coarse

f

fCFO ACFO ' samp (5)

coarse coarse N CFO
FFT

4) Compensate the CFO fCr°

coarse *

[
It can be noted that the estimated CFO by the coarse CFO

estimation algorithm has a precision of f_ /NP . In this
algorithm, the FFT size N determines the precision: the
larger the value N2, the finer the precision of the
estimator.

In the proposed coarse CFO estimator, N> = 128 is used
corresponding to 128 preamble samples and corresponding
to 64 preamble symbols due to f__=2f Therefore, for

samp symb *

every packet containing 90 preamble symbols, there are two

partially correlated CFO estimates S . In the proposed
system, with NF°= 128, the residual CFO can always be
suppressed within the order of f_ /NFT for an initial
carrier frequency offset f.,=0.1f , and a signal-to-noise

ratio SNR = -1 dB.

After the coarse CFO compensation, a fine CFO
synchronization is performed over the coarse CFO
compensated time-domain preamble symbols F(n) as

follows:

fCFO 1
e 2nLT,,,
. yL 1 89— | i (6)
SEUREDY ZF(p+I)F*(p)Hexp{—J¢p+q} .
= (90-1)l 5= 4-0

In order to simply the system complexity, the fine CFO is
estimated as follows:

f‘CFO _ 1

fine

~tan (UGt )
symb

where 950 is computed by using a one-tap IIR filter:

R R 1. - ! .
Vire =(1-a)V5? +air( p+1)F (p)HeXp{—j(pmq}. (8)
q=0

In the proposed fine CFO estimator, the values L=2 and
a=0.01 are used.

3.3. Timing synchronization

In the proposed design, the timing synchronization is the last
task to be achieved before the differential symbol detection.
Its objective is to estimate the delay parameter z in the

signal r(t—z), where one has
r(t-z)=h>su(t-nT,, —7)+w(t-7). 9)

Differently from a conventional timing synchronization is
generally composed of two blocks, namely the symbol
interpolator and the timing error detector (TED), the
proposed timing synchronizer intends to estimate the global

channel impulse response hu(t-nT,,, —7) and behaves

S!

more like a channel estimator. Therefore, the timing
recovery involves two different blocks: channel estimator
and channel equalizer.

The channel estimator aims at estimating the frequency-
domain channel transfer function based on the CFO
compensated oversampled observations and the known
preamble symbols, on thus performs the following steps:

1) Transform every N[, oversample time-domain

preamble observations into the frequency domain by
FFT. The corresponding frequency-domain CFO
compensated preamble observations are designated as
R(k), k=0,1,..., N -1;

2) Insert 1 zero for every preamble symbol in the time
domain, and then transform the zero-inserted N[,
preamble symbols into the frequency domain by FFT.



The corresponding frequency-domain preamble pilots
are designated as P(k), k=0, 1, ..., N&; —1;
3) Like for a conventional OFDM channel estimator, the

channel transfer function can be estimated as
H(k)=R(k)/P(k);
4) Linear interpolate the frequency-domain channel

transfer responses between consecutive H (k) values.

One has a new interpolated frequency-domain channel
transfer function H, (k) of length 2N[; .
|
The channel equalizer then launches the overlap-save (OLS)
method [13] to perform the frequency-domain equalization
over the twice-oversampled samples as following:
1) Take the last N, oversampled observations from the
previous OLS block;
2) Take the newly NT. oversampled observations which
need to be equalized;
3) Transfer the 2N[%. samples into the frequency domain

which are then designated as R(k) ;

4) Perform a linear equalization as D(k)=R(k)/H, (k);

5) Transform the equalized frequency-domain samples
D(k) back into the time domain;

6) Output the last N[E. samples, among which, the first

sample of every two samples is the timing recovered
DMPSK symbol.

|

In the proposed timing synchronizer, N[%, =64 is used for

the channel estimation.
4. SIMULATION RESULTS

In this section, the performance of the proposed system for
7/2 -DBPSK (see Fig.2), =/4 -DQPSK (see Fig.3) and /8-
D8PSK (see Fig.4) is evaluated for two scenarios: one is the
simulation with a random timing offset (RTO)

re[-T,/2.T,,/2) (see the curves indicated as “RTO

Sim”) and the other is with a RTO and a large CFO
fero =0.11,,, (see the curves indicated as “RTO + 10%

CFO Sim”). In these simulations, all the baseband
processing blocks (frame synchronization, carrier frequency
synchronization and timing synchronization) are active and
therefore the estimation errors exist. In order to be fairly
compared with the corresponding theoretical performances
for differential detected z/2 -DBPSK, z/4 -DQPSK and

7/8 -D8PSK signals, the simulated performances are

evaluated without the use of the BCH decoder. Moreover,
the theoretical performance (indicated as “Theory™)
represents the best performance over AWGN channel with
differential detection method and serve as a reference
performance [14].
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Fig.2. The simulation performance of the proposed system
for a z/2 -DBPSK signal.
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Fig.3. The simulation performance of the proposed system
for a z/4 -DQPSK signal.
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Fig.4. The simulation performance of the proposed system
for a z/8-D8PSK signal.

It can be observed from Fig.2 to Fig.4 that the bit error rate
(BER) curves follow closely the theoretical performance for



all the ~/2 -DBPSK, 7/4-DQPSK and z/8-D8PSK signals

with only RTO. As the CFO increases, the BER curves
deviate from the corresponding theoretical curves as
expected from the nature of the differential modulation. As
the constellation order increases, the signal becomes more
and more sensitive to the CFO.

5. CONCLUSION

In this paper, the design of physical layer algorithms for
IEEE 802.15.6 narrowband receiver was presented.
Differently from the conventional design for a single-carrier
transceiver, the proposed signal processing algorithms can
directly be applied to an OFDM based communication
system such as WiFi [3]. Through numerical simulations,
the proposed algorithms follow closely the corresponding
theoretical performances over an AWGN channel with
random timing errors. This indicates that the proposal
introduces a negligible level of estimation error. This design
is therefore attractive for the design of a multi-standard and
multi-mode transceiver and can potentially push the IEEE
802.15.6 WBAN standard to more applications. In the future
we aim at including in our multi-standard receiver a soft
decoder [15]-[16] to both take fully advantage of a soft syn
chronization [17]-[18] and of a cross-layer design [19]-[23].
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