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Theoretical Analysis of AM and FM Interference
Robustness of Integrating DDR Receiver
for Human Body Communication

Shovan Maity
and Shreyas Sen

Abstract—Prolific growth of miniaturized devices has led to
widespread use of wearable devices and physiological sensors. The
state-of-art technique for connecting these devices and sensors is
through wireless radio waves. However, wireless body area wireless
body area network (WBAN) suffers from limited security (wireless
signals from energy-constrained sensors can be snooped by nearby
attackers), poor energy-efficiency (up conversion and down conver-
sion), and self-interference. Human body communication (HBC),
which uses human body as a conducting medium, has emerged as
a new alternative physical layer for WBAN, as it can enable com-
munication with better energy efficiency and enhanced security.
Broadband (BB) HBC uses the human body channel as a broad-
band communication medium and can enable higher energy ef-
ficiency compared to narrowband HBC. However, due to the an-
tenna effect of human body, ambient interferences get picked up
from the environment, proving to be one of the primary bottlenecks
for BB-HBC systems. In this paper, we analyze the performance
of an integrating dual data rate (I-DDR) receiver, which enables
interference robust BB-HBC, under continuous wave (CW), am-
plitude modulated (AM), and frequency modulated (FM) interfer-
ences. Theoretical derivations along with simulations provide key
insights into the behavior of I-DDR receiver under different inter-
ference scenarios, highlighting the efficacy (>22 dB improvement
in SIR tolerance for both FM and AM) of the technique. Finally,
measurements are carried out by applying the I-DDR principle on
signals transmitted through the human body and captured on an
oscilloscope. Measurements from an I-DDR receiver fabricated in
TSMC 65 nm technology shows <10~* BER in presence of CW,
AM, and FM interference with —21 dB SIR further demonstrating
the efficacy of the I-DDR method in interference rejection.

Index Terms—Energy-efficiency, human body communication,
interference rejection, security.
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I. INTRODUCTION

ITH the advancement of semiconductor technology,
Wthe size of wearable devices has reduced drastically,
accelerating the usage of wearable sensors and smart devices
(e.g., Smart watches, Fitness trackers). Wireless Body Area Net-
work (WBAN) is the state-of-art technology for connectivity be-
tween these sensors and computing devices. However, WBAN
communication based on radio waves, suffers from limited se-
curity, low energy-efficiency and self-interference. Recently,
Human Body Communication (HBC) has emerged as an alter-
nate physical layer for communication to connect these devices.
HBC, which utilizes the human body as a medium for intercon-
necting wearable devices, offers increased security along with
ultra-low power (ULP) demand. Human body as a conducting
medium exhibits lower loss compared to radio frequency propa-
gation through air, enabling HBC’s ULP property. Also in HBC,
most of the signal transmission is confined within the human
body as the signal is not broadcasted in the wireless medium as
in WBAN. This enables higher security in HBC as it is harder for
an attacker to snoop the ongoing transmission. These advantages
enable HBC to be used for applications such as physiological
sensing, secure authentication and social networking [1].

However due to the antenna properties of the human body, it
picks up ambient signals from the environment as interference,
which turns out to be one of the primary bottlenecks for HBC.
Several signaling techniques have been proposed as a solution,
such as Adaptive Frequency Hopping (AFH) [2] and fixed nar-
rowband signaling [3]. But all of these techniques suppress the
undesired interference by avoiding the interference frequency
band using narrowband signaling, which requires bulky filters
and relatively higher power. Recently, an alternative way to cir-
cumvent the interference, using resettable integration with dual
data rate (DDR) NRZ receiver, has been proposed in [1]. In
this paper, we analyze the performance of the Integrating DDR
(I-DDR) receiver in the presence of Continuous Wave (CW),
Amplitude Modulated (AM) and Frequency Modulated (FM)
interference and show its interference rejection property. The
key contribution of the paper is the important insights into the
behavior of I-DDR receiver under different interference scenar-
ios, highlighting its efficacy (>22 dB improvement in integrated
SIR for both FM and AM interferences) supported by theo-
retical derivation, simulations and hardware experiments using
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Commercial-Off-The-Shelf (COTS) components and Integrated
Circuits.

The rest of the paper is organized as follows. Section II pro-
vides the background and motivation for using I-DDR receiver
for HBC. The theoretical derivations and simulation results of
the I-DDR receiver for different interference is presented in Sec-
tion III, Section I'V and Section V discusses measurement setup
and measurement results evaluating the interference rejection
property with conclusion in Section V1.

II. INTERFERENCE-ROBUST ULP HBC
A. HBC Channel Models

The human body channel characteristics is one of the key
aspects of HBC. There have been several studies focusing on
measuring the human body channel loss with varying frequency.
These studies show a wide variation in the measured channel re-
sponse due to the prominent effect of measurement setup on
the results. Some of the studies [4]-[8] characterize the body
as a high pass channel due to the low impedance termination
(5092 termination from Spectrum Analyzer, Vector Network An-
alyzer) provided at the receiver end. There are also a few studies
which characterize the human body as a low loss channel due to
improper ground isolation between the transmitter and receiver
[4], [9]. Recently, it is shown that a capacitive high impedance
termination at the receiver end enables the human body to be
used as a broadband channel [10]-[12]. This has enabled the de-
sign of a Broadband [-DDR receiver, which enhances the energy
efficiency of HBC by utilizing the complete bandwidth of the
body for data transmission and eliminating the need of frequency
up and down conversion. In this paper, we focus on analyzing
the robustness of the I-DDR HBC receiver with NRZ signaling
under continuous wave, AM and FM interferences.

B. Interference on Human Body

The human body picks up ambient signals as interference due
to its antenna property. Previous studies have shown that the an-
tenna properties are present in the 40400 MHz frequency range
(Figure 1) [2]. The FM radio frequency band (8§88—108 MHz) falls
within this range, making it one of the primary sources of inter-
ference. Several narrowband signaling techniques [2], [3], [13],
[14] have been proposed to suppress this interference, such as
Adaptive frequency hopping (AFH) [2] and fixed multi-carrier
narrowband signaling [6] etc. But these techniques require fre-
quency up-conversion for modulation and down conversion for
demodulation, which increases circuit power consumption. Also
unlike a broadband transmission, these narrowband techniques

utilizes a fraction of the available bandwidth, which makes them
inherently less energy efficient. Since the human body can possi-
bly be used as a broadband channel, broadband HBC techniques
has been proposed which uses NRZ signaling [1] or multi-level
Walsh Coding [15] to send broadband data through the body.
This enables a higher rate of data transfer while operating at
lower frequencies and hence can improve the energy efficiency
of transmission. However, interference will affect broadband
transmission more than a narrowband transmission. In [15] a
band stop filter has been used to reject interference from the FM
band, but it would require multiple band stop filters to block any
other interference on a different frequency band. An Integrating
Dual Data Rate (I-DDR) receiver [1], on the other hand enables
interference robust broadband operation without requiring any
extra filters. In the following sections we analyze and evaluate
the interference rejection property of the I-DDR receiver in pres-
ence of different kind of interferences through simulations and
theoretical derivations.

III. INTERFERENCE-ROBUSTNESS OF INTEGRATING DDR RX

In this section, we discuss the working principle of the in-
tegrating DDR (I-DDR) receiver and analyze it’s interference-
rejection property with NRZ signaling in presence of CW, AM
and FM interferences.

Analysis of I-DDR principle: CW interference
Srx = Ssig + Sintf (D
Ssig (t) = +Agy 0<t<T, ()
Sintf () = Aipegsin (wit +¢) Vit
27

w; = = Interference frequency

o =Phase difference between signal and
interference 3)

t
ISsig (t) = / Ssig
0
:l:KintAsigty 0 <t< Tb
0, Ty <t < 2T,

K;,; = Integrator Gain “4)

t
ISintf (t) :/ Sintf
0

_Kintw#w7 0<t<Ty
0, Ty <t < 2T,
)
ISsig‘t:Tb = :l:KintAsigTb (6)

Aintf [cos (@) — cos (wiTy, + ¢ )]
w;

ISzntf ‘t:Tb = Kint

= 0,V1, = nT;; n = positive integer (7)
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Fig. 2. Working principle of Integrating DDR receiver as a notch filter for
interference suppression a) NRZ signal + CW interference can be decomposed
as a superposition of b) and c¢) d) Integration clock: each integration period is
followed by a reset period, leading to the need for two parallel receiver paths,
i.e., dual-data rate (DDR) receiver. T, = 27} e) Integrated NRZ signal f)
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Fig. 3. Transceiver diagram for Interference robust HBC. A dual data rate
(DDR) receiver with a resettable integrator followed by a sampler is used.

A. Working Principle

Figure 2 illustrates the working principle of I-DDR receiver
with an NRZ signal in presence of a CW interference [1]. Com-
monly, in HBC, the interference strength (A, s ) is significantly
greater than the signal amplitude (As;,). The large difference of-
ten leads to a closed eye-diagram of the received signal, making
it hard to sample accurately, increasing Bit Error Rate (BER).
However, the I-DDR receiver can be used to process the signal
to achieve an open eye, which will enable accurate sampling and
significantly reduce BER. The I-DDR receiver integrates the re-
ceived signal over a fixed period and samples it at the end of
the period. The integration period is chosen as a multiple of the
interference period, such that the interference signal is canceled
during sampling and the sampled value is determined only by
the NRZ signal. Since, the integration operation accumulates
the signal information over time, it is necessary to reset the in-
tegrator at the end of an integration operation and before the
beginning of the next. This ensures the decoded value at the end
of the current period is not affected by any previous data bits. To
achieve this operation, the receiver has two phases: 1) Integra-
tion phase and 2) Reset phase. The circuit implementation of the
transceiver is shown in Figure 3. Since each integrator integrates
for one phase of the clock and is reset for the alternate phase
(Ter = 2Tp), two phases of clock are required to integrate con-
secutive symbols, resulting in a dual data rate (DDR) receiver.
The integrator is reset every bit period and the integrated signal
is sampled just before the reset. The receiver consists of two
chains, each consisting of an integrator followed by a sampler.
The operating clock for each of these chains is 180 degree out of
phase. So, when one of the integrators is in Reset phase the other

one is in the Integration phase. By doing integration and choos-
ing the bit period (7}) appropriately as an integral multiple of
the interference signal period (7;), T, = nT;, the interference
can be nullified. The detailed analysis of the interference rejec-
tion principle of I-DDR receiver is discussed in the following
subsections.

B. Continuous Wave (CW) Interference

This section looks into the mathematical analysis of I-DDR
receiver in presence of CW interference. The received signal
(Skrx) (1) is a linear superposition of the desired NRZ signal
(Ssig) (2) and the undesired interference (Siy¢ ) (3). The signal
is integrated before being applied to a sampler for decoding. The
integrated signal is also a linear superposition of the integrated
signal (4) and integrated interference (5). Since the integrating
receiver samples the signal at the end of the bit period (7} ), the
sampled integrated data and interference at ¢t = T} is provided
in (6) and (7). If the data rate is chosen such that the bit period is
an integral multiple of the interference period (7}, = nT;), the
integrated interference equals O for any arbitrary phase of the
input signal (), as shown in (7). In an ideal scenario, the inter-
ference can be suppressed completely by choosing the bit period
equal to integral multiple of the interference period through inte-
gration. This is the fundamental basis of using Integrating DDR
(I-DDR) receiver for interference suppression in HBC. Figure 4a
shows a plot of the integrated interference (1.S;, ) for different
integration period, represented as a fraction of the interference
time period. It can be seen that, if the data rate is chosen to be
an integral multiple of interference (7, = nT;) the integrated
interference is 0 irrespective of the initial phase of the signal.
Figure 4b shows the relative interference rejection, which is de-
fined as the ratio of integrated interference to integrated signal
at the sampling instant, as a function of varying interference fre-
quency for a fixed data frequency of 100 MHz. There are nulls
for all frequencies which correspond to an integral multiple of
the data frequency irrespective of the initial phase of the sig-
nal. Also, it can be seen that the I-DDR receiver can provide
>15dB rejection even for interference frequency mismatch of
10% (90 MHz, 110 MHz for data frequency of 100 MHz). In
an actual implementation, the interference frequency will not al-
ways be an integral multiple of the applied data signal. However,
the interference rejection of the I-DDR receiver for CW signals
shows it’s applicability for such scenarios also.

Key Takeaway: Figure 4b shows that there are notches in the
transfer function of the I-DDR receiver in presence of continuous
wave interference which are dependent on the initial phase of
the signal. However the transfer function notches corresponding
to data frequency (f = Tib) and its integral multiples are present
irrespective of the initial phase of the interference and hence it
can be used to reject interference at that frequency.

C. Amplitude Modulated (AM) Interference

This section looks into the analysis of I-DDR receiver perfor-
mance in presence of AM interference. The interference signal
(Sints) and the integrated interference (I.S;,:s) are presented
as in (8), (9) respectively. The sampled interference at the end
of the data period is provided in (10).
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T

with changing ¢ ¢) Worst case of Interference rejection as a function of f;,, with

+10% variation in sampling instant d) SIR of Integrated vs. Non-integrated signal at worst case ¢ with varying f; (Asig = 1 mV, A p = 10 mV).

AM is used for broadcasting in the medium wave range from
0.5 MHz to 1.7 MHz and shortwave range from 5.9 MHz to
26.1 MHz. Since shortwave range is closer to the antenna fre-
quency of human body of around 40 MHz, for our analysis of
I-DDR receiver in presence of AM interference, we use a car-
rier frequency(f;) = 20 MHz. The reasonable modulation fre-
quency (f,,,) for such a carrier frequency is less than 5 kHz, so
we choose f,,, = 2.5 kHz as an example of a practical scenario.
But for better illustration of robustness of I-DDR receiver to
AM interference, we also provide simulation results in a sce-
nario withf,, = 2 MHz.

Figure 5a shows the dependence of integrated interference
(ISints) on the ratio of integration period and interference pe-
riod (% ). For any arbitrary carrier phase (¢) or modulating sig-
nal phase (¢,,, ), the integrated interference does not exactly go to
0 for an integration period, which is an integral multiple of the in-
terference period (7}, = nT;). Figure 5b shows the relative inter-
ference rejection of the I-DDR receiver with frequency in pres-
ence of an AM interference with carrier frequency of 20 MHz
and modulation frequency of 2 MHz. Although the maximum
rejection notch locations are not exactly at integral multiples
of the interference carrier frequency, the relative rejection is

>10 dB even for frequencies =10% away from the interference
carrier frequency. Also there is one notch corresponding to each
integral multiple of the interference carrier frequency. Figure 5c¢
analyzes the relationship of modulation frequency and relative
interference rejection for different bit period for a given inter-
ference, since it may not be always possible to have an accurate
sampling at 7}, = n'T;. A smaller modulation frequency results in
smaller residual integrated interference at the sampling instant.
Hence, the I-DDR receiver provides better interference rejec-
tion in those scenarios. For a practical scenario in the shortwave
range, where f,, = 2.5 kHz and f; = 20 MHz, the rejection is
greater than 17dB even for a frequency £10% away from the
notch frequency (Figure 8a). Figure 5d shows a comparison of
SIR at the sampling instant for non-integrated and integrated
signal as the interference frequency is varied. It can be seen that
even for the worst case phase, the integrated signal still ensures
at least 24 dB improvement in integrated SIR for sampling at
Ty, = T;. However, the relative interference rejection at the sam-
pling instant T3, = T; is strongly dependent on the phase of the
carrier and modulating wave as can be seen from Figure 6a.
In the special scenario of a modulation phase, ¢,, = 7 the rel-
ative interference rejection is high, independent of the carrier
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phase (¢), which can be attributed to the low residual integrated
interference under this condition as in (12). The variation of
location of the transfer function notch frequency with modula-
tion and carrier wave phase is shown in Figure 6b. The notch
is located at the interference frequency for ¢ = 7, independent
to ¢,,. The notch frequency is lower than the interference fre-
quency for < 7, whereas it becomes higher for ¢ > 7. The
non-integrated and integrated received eye diagrams are plotted
in Figure 7a, b respectively. The integrated eye diagram shows
clear eye opening enabling correct sampling whereas the non-
integrated eye diagram is completely closed. This validates the
interference rejection property of the I-DDR receiver in presence
of AM interference and the potential SIR improvement achieved
from it.
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Analysis of I-DDR principle: FM interference
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I-DDR receiver transfer function under realistic scenario for AM and FM interference a) AM: f; = 20 MHz, f,,, = 2.5 kHzb) FM: f; = 100 MHz, f,,, =

25 kHz. The transfer function notch frequency stays at 1/Ty,, similar to continuous wave scenario.

Key Takeaway: The presence of AM interference, with high
enough modulation frequency, moves the frequency notch away
from the data frequency (f = Tib) The position of the notch is
dependent on the interference carrier and modulation frequency
but provides at least 20dB rejection at f = T%, for all scenarios.
For a realistic scenario with shortwave AM, the movement of
the notch is minimal due to low modulation frequency.

D. Frequency Modulated (FM) Interference

The performance of I-DDR receiver in presence of FM in-
terference is analyzed in this section. The FM interference is
approximated using Bessel function (Ji) as in (15). For exist-
ing FM bands of 88—110 MHz, the channel bandwidth (BW)
is 200 kHz and the maximum frequency deviation (Af) is
75 kHz, which translates to a modulation index (B) of 3. How-
ever, we also simulate using an FM signal with high modula-
tion frequency of f,,, = 10 MHz for analyzing the interference
robustness of the I-DDR receiver. The modulation index B is
chosen as 0.5 in this scenario to compare the performance of
I-DDR receiver in presence of AM and FM interference of same
modulation index. The integrated interference and SIR with and
without integration are as shown in (16)—(19). For all our sim-
ulations of FM interference, we choose to use the first 7 terms
(k =0, £1, ..., +6) of the Bessel expansion.

Figure 9a shows that under FM interference also the integrated
interference is nearly O for any ¢ if the bit period is chosen as
Ty = nT;. Figure 9b shows that the relative rejection of the in-
tegrated and sampled interference is always greater than 19 dB
in the FM radio frequency band of 88—110 MHz even if the
modulation frequency (f,,) is taken as 10 MHz. The relative
interference rejection reduces as the FM modulation frequency
increases as can be seen in Figure 9c. This also shows that,
even with +10% sampling error due to jitter and non-idealities,
>11 dB interference suppression can be achieved for modulation
frequencies up to 10 MHz. Figure 9d shows the SIR comparison
between integrated and non-integrated receiver with sampling
at Ty, = T;. There is a 22 dB improvement in SIR achievable

through integration in presence of FM interference. In a practi-
cal scenario with small modulation frequency (25 KHz), there
exists a notch in the I-DDR transfer function for frequencies
which are an integral multiple of the interference frequency, in-
dependent of the phase of the interference signal (Figure 8b). For
higher modulation frequency (10 MHz) on the other hand, the
notch frequency with the highest rejection is dependent on
the initial phase of the interference and can be >10% away
from the interference carrier frequency (f;) as can be seen in
Figure 10b. Figure 10a shows the interference rejection of I-
DDR receiver at the interference carrier frequency with varying
carrier phase of the FM interference. It demonstartes that the
carrier phase doesn’t have much effect on the relative interfer-
ence rejection and >60 dB interference rejection can be achieved
at interference frequency for any relative phase difference be-
tween the data and interference. Similar to AM interference the
integrated eye diagram shows clear eye opening in presence of
FM interference (Figure 11b), whereas the non-integrated eye is
almost completely closed (Figure 11a).

Key Takeaway: In presence of FM interference with high mod-
ulation frequency, the transfer function notch of the I-DDR re-
ceiver does move away from the data frequency (f = T%, ). How-
ever there is at least one notch within +5% of the data frequency
(Figure 9b). This shift is considerably less than AM interference
which can show up to £30% shift in notch frequency (-Figure
5b, Figure 6b). Since AM results in varying amplitude of the
interference and the residual of integration is affected more by
amplitude of interference than its frequency variation (as in FM
interference), the movement of notch away from the data fre-
quency is more in case of AM interference.

IV. DISCUSSION
A. Experimental Method

The I-DDR principle is validated using actual HBC signals
transferred through the body. The HBC channel loss shows day
to day and person to person variation. Hence, HBC channel loss
measurement studies require multiple experiments to be run over
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Eye Diagram: FM Interference
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Fig. 11. Eye diagram comparison with and without integration (Ag;y =
1mV, Ay =3mV, Ky p = 10) a) Non-integrated eye diagram in pres-
ence of FM interference b) Integrated eye diagram in presence of same interfer-
ence.

multiple subjects on multiple days to measure the average and
variation of channel loss and provide statistical significance to
the results. However, for our experiments HBC signals are used
only to capture the effect of channel loss on the transmitted
signal and the day to day channel loss variation is not critical for
the validity of the I-DDR principle. Hence, the experiments are
not carried out on multiple subjects and are carried over three
different measurements on the same person.

B. Clock-Data Phase Alignment: Clock Data Recovery

The output of the integration operation at the front-end is de-
pendent on the phase relation between the integrator clock and
data. Since the integration operation is an accumulation of the
voltage level over time, any relative phase mismatch between
integrator clock and data will directly reflect in the integrated
voltage amplitude. The integrator output is maximized when the
integration operation starts at the beginning of the data period
and continues over the complete data period. This requires ap-
propriate phase and frequency relation between the data and the
integrating clock. This can be achieved through a Clock Data
Recovery (CDR) loop commonly used in broadband wireline
receivers [16]-[18]. In a traditional CDR loop, the sampling
clock is aligned with the middle of the data period. However,
in the current scenario of the integrating receiver, the sampling

clock is aligned with the beginning of the data period. The CDR
loop utilizes a phase frequency detector to find the phase mis-
match between clock and data and convert it to a voltage, which
is then utilized to control the frequency of a Voltage Controlled
Oscillator (VCO). The VCO frequency is controlled to enable
phase alignment between the clock and the data by moving the
clock phase. Alternatively a phase interpolator can also be used
to move the phase of the integrating clock to align with the be-
ginning of the data period. A detailed analysis of clock data
phase recovery through an Integrating Mueller-Muller CDR for
the I-DDR receiver is presented in [19].

V. MEASUREMENTS: VALIDATION OF [-DDR PRINCIPLE
A. COTS Component based Measurements

Figure 12 shows the conceptual diagram of the measurement
set up and is used to verify the interference robustness of the
proposed I-DDR receiver. Data and interference are injected into
the body through two separate electrodes. A TIVA-C 123GXL
microcontroller board is used to apply a Pseudo Random Bit Se-
quence (PRBS) at a data rate of 1 Mbps. The PRBS bit sequence
is coupled to the body through a copper electrode connected to a
band. The electrodes are custom made and have a size of 2 cm x
2 cm. The transmitter transmits a voltage of 1V. This emulates
the voltage transmission from a custom Integrated Circuit fabri-
cated in TSMC 65 nm technology, which typically has a supply
voltage around 1V. A battery operated signal generator is used
to apply interferences of different amplitude and frequency. The
interference is coupled to the body through a separate band con-
taining an electrode. Although in an actual HBC scenario the
interference will be picked up due to the human body antenna
effect, we use a third electrode to inject an interference with
known parameters. The response of the I-DDR receiver is in-
dependent of the coupling mechanism. Hence, introducing the
interference through a third electrode in a controlled manner
will help us to quantitatively characterize the interference rejec-
tion capability of the I-DDR principle. The received signal was
captured in an oscilloscope through a similar band. To emulate
the scenario of actual HBC between wearable devices, battery
operated signal generator is used to apply interferences of differ-
ent amplitude and frequency. The interference is coupled to the
body through a separate band containing an electrode. The re-
ceived signal is captured through an oscilloscope and integrated.
Using a large power supply connected device to capture signals
does not completely reflect an actual HBC scenario for commu-
nication between two wearable devices and can affect the HBC
channel loss, as previously reported in [4], [8], [10], [20]. Pre-
vious studies [8], [10] report up to 9 dB reduction in channel
loss due to the introduction of ground connected instruments in
the measurement setup. To take care of the extra loss, the in-
tegrated signal fed from the oscilloscope was attenuated, while
applying to MATLAB for processing. The attenuated signal is
processed in MATLAB through periodic reset, according to the
working principle of the I-DDR receiver. Subsequently the eye
diagram is plotted and the eye height is measured, as a measure
of the interference rejection property of the receiver. The I-DDR
operation of integration with periodic reset is achieved through
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Measurement setup diagram showing interference being injected along with the data signal and the combined signal being received at the oscilloscope.

which is post processed according to the I-DDR principle to create the received eye diagram.
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Comparison results between simulated and measured eye diagram for HBC signaling under different interference conditions (K ;p¢¢ = 10). NRZ

signal + CW interference with SIR = —21dB a) Simulated Rx eye diagram b) Measured Rx eye diagram c¢) Simulated eye diagram of integrated Rx signal d)
Measured eye diagram of integrated Rx signal. e)-h) Similar plots as a)-d) for NRZ signal + CW interference of SIR = —24.5dB. i)-1) Similar plots for NRZ signal
+ AM interference with SIR = —21dB, modulating carrier frequency of 18 KHz with modulation index 1. m)-p) Similar eye diagrams corresponding to NRZ
signal + AM interference with SIR = —24.5dB. q)-t) Eye diagrams for NRZ signal + FM interference with SIR = —21 dB, modulating frequency 18KHz and
frequency deviation 5 KHz. Integrated eye is significantly less affected compared to the NRZ eye. u)-x) Similar eye diagrams for NRZ signal 4+ FM interference
with SIR = —24.5dB. In all the different conditions the simulated and measured eye diagram shows close correspondence. The integrated eye shows higher opening
than the normal eye under CW, AM, FM interference condition proving the efficacy of the I-DDR receiver principle.

integral function in the oscilloscope and achieving the periodic
reset operation by processing the integrated signal from oscil-
loscope in MATLAB. Although this setup doesn’t contain the
circuit-level non-idealities of a hardware implementation of the
integrator, it enables validating the applicability of the I-DDR
principle on signals transmitted through the body.

Figure 13 shows the eye diagrams obtained from the mea-
sured signals while applying CW, AM and FM interference cor-
responding to two different SIR values. Due to the limitation of
the signal generator we could not reach 100Mbps data rate or
apply an interference signal of 100 MHz. But we have taken the
data rate and interference in such a way that the symbol duration
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Fig. 14.  Actual measurement setup picture. The microcontroller board and
signal generator is used to provide signal and interference through two separate
electrodes. The received signal is captured in an oscilloscope and processed
according to the I-DDR principle using MATLAB.

remains an integral multiple of the interference time period and
the theory of the I-DDR receiver can be validated. Figure 13a—
13d correspond to the case when a CW interference of 1 MHz
with SIR = —21 dB is applied to the body. Figure 13a shows the
simulated eye diagram of the Rx NRZ signal, Figure 13b shows
the eye diagram for the measured received signal under the same
condition. Figure 13c, d shows the integrated eye diagram from
simulation and from measurement. The eye height of the mea-
sured and simulated eye diagrams show that the integrated eye
height is more than the normal Rx eye. Figure 13e—13h shows
the simulated and measured eye diagrams for CW interference
of SIR = —24.5 dB. In both cases the integrated eye shows
larger opening than the Rx eye. Figure 13i—13p correspond to
the measured and simulated Rx and integrated eye diagram for
AM interference of two different SIR. The frequency of the car-
rier signal is 500 KHz and the modulating signal is a sine wave of
18 KHz with modulation index 1. Figure 13q—13x corresponds
to the measured and simulated eye diagram for FM interference
corresponding to two different SIR conditions. The frequency of
the carrier signal is 500 KHz and the maximum frequency devia-
tion is 5 KHz with a modulating carrier frequency of 18 KHz. In
all the cases the measured and the simulated eye heights match
closely. Also the eye height measurements show that even with
injected interference the I-DDR receiver performs better than
a normal receiver and the eye diagrams show significant eye
opening. Figure 14 shows an actual picture of the setup used for
measurements.

B. Integrated Circuit Based Measurements

This subsection looks into measurements of the interference
rejection property of the I-DDR receiver through an integrated
circuit. The measurement setup is similar to that shown in Fig-
ure 12, but in this case the operation of the oscilloscope and
MATLAB in PC is replaced by an I-DDR receiver, fabricated
in TSMC 65 nm technology (Figure 15). The detailed architec-
ture and design of the receiver are explained in [11]. The goal

|  wireBondedDieonaPcB |

Area:0.102 mm?
Power:200uW

TSMC 65nm Technology
Max Data Rate: 30Mbps

Fig. 15.  Picture of the PCB containing the die with the I-DDR receiver fabri-
cated in TSMC 65 nm technology. The die is wirebonded to the PCB.
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Fig. 16. Measured BER performance of an I-DDR receiver fabricated in
TSMC 65 nm Technology. The carrier frequency of the different type of in-
terferences is kept at 6 MHz, the modulation index = 0.5 (AM or FM) and the
data rate fixed at 6Mbps. Scenarios with higher modulation frequency (for AM
and FM) shows higher BER as the frequency rejection notch moves further away
from the desired point corresponding to the data rate.

of this paper is to develop a theoretical understanding of I-DDR
receiver’s performance under varying AM, FM interference con-
ditions like modulation frequency, modulation index etc. Hence,
the Bit Error Rate (BER) performance of the receiver is evalu-
ated as a measure of the interference rejection capability of the
receiver. A PRBS data sequence is generated at the transmitter,
which is then transmitted through the body after being injected
with interference and decoded at the receiver. The received data
sequence is compared with the expected bit sequence to measure
the BER. A lower BER indicates higher interference rejection
at the receiver end. Figure 16 shows the measured BER of the
receiver under different interference scenarios. Without integra-
tion, the BER at the receiver is high (~107Y in presence of
any kind of interference. Under Continuous Wave interference
with SIR = —21dB, the integrating receiver shows substantial
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improvement in BER performance (<107>), demonstrating in-
terference rejection. Similar performance enhancement can be
seen in presence of AM and FM interference. Experiments are
carried out with FM interference of 6 MHzcarrier frequency and
two different modulation frequencies: 600 KHz and 60 KHz. The
data rate is kept fixed at 6 Mbps such that there is an interference
rejection notch around the carrier frequency of 6 MHz. It can be
seen that the BER is less for lower modulation frequency as the
frequency notch is closer to the carrier frequency. Similarly for
FM interference, the BER is lower in case of a lower modulation
frequency as expected from the theoretical analysis. However,
it is interesting to note that the BER is higher in presence of
AM interference compared to FM interference. As previously
discussed in subSection III.D, simulation results show that the
frequency notch moves further away from the carrier frequency
in presence of AM interference compared to FM. Hence the
frequency rejection at the carrier frequency will be lower in
presence of AM interference compared to FM interference.

VI. CONCLUSION

Human Body Communication has emerged as a strong con-
tender for connecting wearable devices and sensors due to its
low-power, security properties. The antenna property of human
body, which makes it pickup ambient interference, has limited
HBC implementation to mostly narrowband techniques. The I-
DDR receiver provides a broadband interference robust imple-
mentation, which can enable improved energy efficient HBC
systems. We analyzed the performance of the I-DDR receiver,
through theoretical derivation and system analysis in presence
of CW, AM and FM interference and show >22 dB improve-
ment in interference tolerance. Experiments were carried out by
transmitting HBC data along with injected interference. Mea-
surements from both COTS and IC based implementations show
the efficacy of the I-DDR principle in rejecting CW, AM and
FM interference even under conditions with SIR of —21 dB.
This paper provides a detailed theoretical analysis of the I-DDR
receiver, validated through simulations and experiments. While
the effect of circuit level non-idealities like timing mismatch
can be explained through this analysis, other effects like non-
linearity, saturation of circuits is not completely captured and is
outside the scope of this paper.
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