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Abstract—An interference-resilient 60 kb/s–10 Mb/s body
channel transceiver using the human body as a signal trans-
mission medium is designed for multimedia and medical data
transaction in body-area network. The body antenna effect which
interferes with signals in the human body channel is examined.
The body-induced interferences degrade the SIR of the signal to

22 dB in the worst case. In order to overcome the body antenna
effect, a 4-channel adaptive frequency hopping scheme using the
30–120 MHz band is introduced to the body channel transceiver.
A direct-switching modulator using dual frequency synthesizers
and a DLL-based demodulator are proposed for 10 Mb/s FSK and
the 4.2 s hopping time. The transceiver fabricated with 0.18 m
CMOS withstands 28 dB SIR and its operating distance is over
1.8 m with 25 dB SIR. Its energy consumption is 0.37 nJ/b with

65 dBm sensitivity.

Index Terms—Adaptive frequency hopping, body antenna effect,
body area network, body channel communication.

I. INTRODUCTION

R ECENTLY, the IEEE 802.15 Task Group 6 (TG 6) has
been organized to standardize the frequency band and the

protocols of medical and multimedia communications around a
human body [1]. The existing WPAN standards such as IEEE
802.15.4 and 4a proved inefficient for wireless body area net-
work (WBAN), and this mandates a new standard. For example,
GHz bands for Zigbee or UWB suffer huge propagation loss
through the human body. A recent experiment [2] shows that
the path loss (PL) of the UWB signal around a body can be ex-
pressed as

(1)

where is the reference distance, and is the path loss at
. is the path loss exponent which indicates the dependency

of the power attenuation amount upon the distance. Compared
with free space or the case where , more than 30 dB/dec
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path loss near the body is expected due to the high energy ab-
sorption of the human tissue. In addition, the WPAN channel
characteristics such as the path loss and the delay spread are
highly dependant on the locations in a body [3]. Since most
WPAN transceivers are developed to provide at least 10–100 m
communication range, their output power and sensitivity are
not optimized for the body area which needs to cover only
3 m. Moreover, the long distance coverage of the WPAN makes
it difficult to isolate the channel from adjacent networks. Re-
cently, the body channel communication (BCC), which uses
the human body as a communication channel, has been studied
as a solution to converge health care and multimedia applica-
tions on the human body [4]. Since the signals are transmitted
between on-body transceivers through the conductive human
tissue with the floated grounds as the capacitive return path, the
BCC can utilize low frequency bands under 150 MHz without
large antennas. This reduces power consumption and size of
the transceiver substantially. In addition, the BCC is based on
the near-field coupling mechanism where the path loss expo-
nent is 3, leading to 30 dB/dec enhancement compared with
the WPAN channel around a body where [5]. Moreover,
the transmitter does not need to drive a low impedance antenna
which is a major source of the power consumption in wireless
communication. By taking advantages of these features, recent
body channel transceivers achieved 10 times more energy ef-
ficient data transmission than conventional short range radios
[6], [7]. However, their communication reliability is not satisfac-
tory because the received signal through a body is often strongly
contaminated by external interferences. The main cause of the
signal corruption is the human body antenna effect. As shown
in Fig. 1, the human body under electromagnetic fields behaves
as an antenna with its resonance frequency determined by the
wavelength equal to twice of the human height. In case that
the body is grounded, the resonance wavelength is equal to
four times of the height due to the mirror effect [8]. This means
that the body resonance may occur at different frequencies, de-
pending on various environmental conditions. Since the human
body is a lossy conductor with its conductance value of 1 S/m
and has a complex shape, its resonance peaking is not sharp but
broadly distributed [9]. Therefore, the human body operates as
a wideband antenna in 40–400 MHz frequency range.

The body antenna effect can inject various radio signals into
the human body, and degrades the SIR of the signal signifi-
cantly. Fig. 2 shows the in-band interferences coupled to a body
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Fig. 1. Human body resonance under electromagnetic fields.

Fig. 2. Measured in-band interferences due to the body antenna effect.

channel receiver coming from wireless sources nearby. In order
to get the measured data, a spectrum analyzer is connected to
the human subject using a coaxial cable and a circular elec-
trode attached to the left hand [5]. All measurements are per-
formed outdoors, 1 km away from the radio broadcasting tower,
and the possible interferences such as the cordless phone and
the walkie-talkie signals are generated intentionally. Note that
a 1.5 V signal at the TX side is attenuated to 50 dBm
through the 1.8 m body channel in the measured frequency range
[5]. Within the FM radio band of 88–108 MHz, a number of in-
terference signals exist through the air, and their levels are up to

30 dBm, degrading the SIR of BCC down to 20 dB. When
a walkie-talkie is held by a BCC user, the power of the injected
signal becomes larger, so that the SIR degrades to 22 dB. For
the stable BCC, robustness to SIR is more important than to
SNR.

In this paper, a body channel transceiver is presented to
handle in-band interferences higher than 20 dBm. More
specifically, an adaptive frequency hopping (AFH) technique is
introduced to improve SIR. The AFH is a variant of frequency
hopping spread spectrum to improve resistance to in-band
interferences by excluding the corrupted frequencies from
the hop set [10]. Since only clean channels are assigned for
communication, the AFH can avoid the interference with the

Fig. 3. Channel utilization for AFH BCC.

reduced number of hopping channels. This enables larger
signal bandwidths and the higher data rates than normal spread
spectrum schemes for a given spectrum resource. By adopting
the AFH, the proposed transceiver can achieve 28 dB of in-
terference rejection while providing a 10 Mb/s data rate. A
direct-switching modulator using dual frequency synthesizers
supports the AFH with a short hopping time of 4.2 s. A
DLL-based demodulator enables 10 Mb/s FSK signaling by
reducing the transition jitter by half. The data rate and the BER
of the transceiver are also highly scalable, allowing the BCC
system to be applied to various body-area services.

This paper will explain in detail how to resolve the inter-
ference problems which are the main obstacle for the practical
usage of the BCC. Section II describes the system overview in-
cluding the channel utilization and the transceiver architecture
for AFH. The detail design of the body channel transceiver and
its measurements are discussed in Sections III and IV, respec-
tively. Finally, Section V concludes this paper.

II. SYSTEM OVERVIEW

A. Channel Utilization

Fig. 3 shows the frequency plan for AFH BCC. According
to the channel analysis considering the path loss through the
human body and the emission power radiated from the human
body, the 30–120 MHz band is found to give the highest SNR
[5]. This 90 MHz band is divided into 4 channels to perform
the AFH. Each channel of the 25 MHz bandwidth can support a
maximum data rate of 10 Mb/s, enabling multimedia transmis-
sion. Since the number of the available channels is just 4, con-
ventional direct sequence and frequency hopping spread spec-
trums may provide just 6 dB of processing gain [11]. However,
with the AFH, every channel status is continuously monitored
and only the clean channels are used for the selective frequency
hopping to increase the processing gain. The packet throughputs
of the regular hopping and the AFH using the 4 channels are
simplified [12] as shown in (2) at the bottom of the page, where

(2)
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Fig. 4. Transceiver architecture.

and are the numbers of good and bad channels, respec-
tively. is the probability of a good channel erroneously ac-
cepted as a bad one, and is vice versa. As the number of
bad channels attacked by external interferences increases, the
throughput of the regular FH decreases linearly. However, the
AFH can maintain the maximum throughput as long as there is
no false evaluation of the channel and at least
one channel remains clean . Even when all channels
are corrupted by interferences , the throughput can be
sustained by the channel showing the highest SIR. On average,
more than 10 dB improvement in the interference rejection is
achieved with the 4 channel AFH scheme, compared to a reg-
ular frequency hopping.

In order to amalgamate consumer electronics with health
care functions in a body area network, BCC should support
wide range of quality-of-service (QoS) in terms of data rate
and BER as shown in Fig. 3. Interestingly, the relation between
the two parameters is not random, but positively correlated
[1]. To transfer medical information such as ECG and EMG,
high reliability of 10 BER is required. However, the data
rate is sufficient with around 500 kb/s. For multimedia data,
relatively low BER of is allowed while the transmission
rate has to be up to 10 Mb/s. Therefore, a variable error control
is presented for the channel coding, where the actual data rate
through the body is fixed to the maximum 10 Mb/s regardless
of the data type and the excess bandwidth in the low rate
transmission is reserved for error control coding. For example,
when the videos or medical images need to be transmitted, the
entire 10 Mb/s bandwidth is utilized. And for the audio data
requiring just 1 Mb/s, the excess 9 Mb/s bandwidth is used
for the error control, making both the data rate and the BER
scalable. Within each channel, a wideband FSK is selected as
the modulation scheme with 10 MHz frequency separation.
Since the FSK carries data on its zero crossings, it is robust
against amplitude distortion due to the frequency dependent
loss of the body channel [5].

B. Transceiver Architecture for AFH

The overall architecture of the AFH BCC transceiver is shown
in Fig. 4. The front-end design is optimized for the 10 Mb/s
BFSK and the fast hopping speed. The receive chain adopts the

direct conversion scheme. It is because the common issues of
the direct conversion due to the LO self-mixing and I/Q mis-
match can be ignored due to its relatively low operating fre-
quency of 150 MHz. The high pass filter required to cancel
the DC offset and flicker noise does not disturb the wideband
FSK signal through the human body, so direct conversion is
most efficient for the highly integrated, low-noise body channel
receiver. In this architecture, a single electrode is adopted for
the simple interface with the human body [6]. The incoming
signal through the body and interferences from external sources
due to the body antenna effect are amplified in the LNA to-
gether and down-converted to zero-IF by passive I/Q mixers.
The following fourth-order Salen-Key filter with 9 dB voltage
gain and 10 MHz cut-off frequency amplifies the wanted signal
further and removes out-of-channel interferences. The filtered
based-band signal is digitized through the limiter which is a
direct-coupled cascade of five differential amplifiers. Due to the
high gain of the limiter, the duty cycle of its output is very sensi-
tive to the DC-offset added by the mixer and the baseband filter.
The low-pass-feedback formed by the R (40 k ) and C (400 nF)
can reject up to 400 mV DC-offset, maintaining 48% duty cycle.
The high pass filtering also removes the flicker noise accompa-
nied with the input signal. A DLL-based demodulator is incor-
porated to demodulate the 10 Mb/s FSK signal in the zero-IF.
It can reduce the transition jitter of the RX data by half. In the
transmit path, the binary data from the digital base band is mod-
ulated with 10 Mb/s FSK and applied to the human skin through
the single electrode. The frequency switching time in the AFH
system is reduced to 4.2 s by a direct-switching modulator to
minimize the acquisition overhead of the hopping transceiver.
The detailed operation of the proposed building blocks will be
explained in the next section.

The AFH controller placed between the transmitter and re-
ceiver chains is the key building block for AFH. Fig. 5 de-
scribes its operation with a flowchart. Initially, the controller
assumes that there exists no interference and all of the chan-
nels are used for frequency hopping. During the communica-
tion interval , the transceivers transmit and receive packets,
hopping their channels with the hopping period . The con-
troller continuously monitors the status of each channel by cal-
culating its packet success ratio (PSR). In order to decide suc-
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Fig. 5. AFH operation.

cess of each packet transmission, following 2 criteria are used.
First, when the packet requiring acknowledgement from the re-
ceiver is transmitted but there is no response, the packet fails
to be transmitted. Second, although the packet reception is de-
tected by the physical layer, the CRC-check of the RX bit stream
yields incorrect value. Then the packet error occurs. The con-
troller assumes that all of the packet errors result from the bad
channel quality. After sufficient number of packet transactions

, the channel classification is performed and only the clean
channels which have PSRs larger than the pre-defined threshold

are selected for the next communication. By repeating this
sequence, the interferences are avoided from the channel auto-
matically, and then removed through the base band filter. As ex-
pected, the performance of the AFH is highly affected by ,

, and parameters. The proper range of the values of those
parameters depends on the characteristics of the interferences
affecting the BCC. Since the 30–120 MHz band for BCC is usu-
ally allocated for TV and radio broadcasts, the interference sig-
nals are static in time. Although other wireless services such as
cordless phone and walkie-talkie may use the BCC band, their
communication time usually lasts longer than 10 s. Under these
static interferences, selecting the value close to 1 reduces the
number of packet retransmissions. The hop period of hun-
dreds of s and the channel update period on the order of
ms are needed because data loss due to the blank time at every
frequency switching can be much saved to help throughput.
Through a Matlab simulation modeling the BCC system with
its possible interferences, , , and are chosen as 0.9,
450 s, and 100 ms, respectively. With those parameters, data
throughput of 8 Mb/s can be achieved under 30 dB SIR.

III. TRANSCEIVER CIRCUITS

A. Body-to-Front-End Interface

Conventional radios are mainly concerned with impedance
matching with an antenna at the front-end to transfer the
maximum power. However, the proposed BCC uses a single
electrode instead of the antenna, and the capacitance between
the electrode and the transceiver ground ranges from 50 fF to

Fig. 6. Front-end interface to human body.

300 fF. Therefore, the electrode can be regarded as an open
circuit in the operating frequencies under 150 MHz. Fig. 6
shows the body-to-front-end interface for time-division duplex.
In the RX mode, the two parallel capacitors of 20 pF and 13 pF
are switched on, enabling the 3rd order LC low pass filter of
120 MHz cut-off frequency. It rejects out-of-band signals and
noises with 60 dB/dec roll-off. The input impedance of the LNA
is made low enough to minimize the size of the off-chip in-
ductor. The inductance for the LC chebyshev filter is calculated
as with the cut-off frequency
and the load impedance. Since the low-cost chip inductors
available for 120 MHz usually are 180 nH, the
should be less than 100 . In addition, the input impedance
lower than 100 can remove the 60 Hz power-line noise
coupled through human body by its high pass filtering. The
on-resistance of the MOS switch is less than 30 and it adds to
the input referred noise by just 0.1 dB according to simulations.
In the TX mode, the two switches and the LNA are turned off.
Since the body channel communication is based on near-field
capacitive coupling, the output voltage applied to the electrode
should be as high as possible to secure the large received signal
[13]. To reduce the power consumption at the TX while pro-
viding enough voltage swing, the load capacitance of the body
driver is minimized by switching off the parallel capacitors and
the LNA. The body driver consumes just 0.7 mW with 1.5 V
swing with only the parasitic capacitors at its load.

The parallel combination of CS and CG stages in the LNA
converts the single-ended signal from the single electrode to the
differential signal (Fig. 7). A following differential pair balances
the differential OP and ON by removing the remaining common
mode signal. The CG stage provides the 100 impedance to the
band-select filter. During the transmit phase, the gate of M1 is
pulled down to the ground and the LNA input becomes a high
impedance node. The two-step gain control switch at the load
resistors prevents the receiver saturation due to large interfer-
ences injected through the human body.

B. Direct-Switching FSK Modulator

Fig. 8 shows the typical structure for direct FSK modula-
tion which many low power radios for WPAN have adopted
[14]. It modulates the frequency directly by changing the control
voltage of a VCO according to the input data. The phase locked
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Fig. 7. Single-to-differential LNA.

Fig. 8. Conventional direct FSK modulator.

loop prevents the frequency drift of the VCO during modula-
tion. This structure is famous for its low power consumption and
high speed modulation because it does not need an upconversion
mixer and a DAC which consume a great portion of power [15].
And the loop bandwidth of the PLL does not limit the mod-
ulation speed because the modulating data is DC-free coded
and its low frequency component attenuated by phase locking
is negligible. However, it has many drawbacks for wideband
frequency hopping system like the proposed BCC. First, most
DC-free codes require twice the bandwidth of the NRZ code.
This results in inefficient bandwidth utilization, increasing the
SNR. Second, since the PLL rejects the low frequency signals
on the VCO control line, the PLL loop bandwidth should be as
low as possible to not disturb the power spectrum of the trans-
mitted signal. Such a narrow loop bandwidth increases the band
switching time of the AFH system severely. Even when the vari-
able bandwidth scheme is applied to enhance the hopping speed,
the switching time still amounts to over 12 s [16]. Finally, the
VCO nonlinearity due to the wide frequency range covered of
30–120 MHz requires complex calibration to guarantee accu-
rate 10 MHz separation of the FSK signal.

Fig. 9(a) shows the proposed direct-switching modulator
with two frequency synthesizers to overcome these difficulties.
The internal PLLs generate two consecutive frequencies repre-
senting binary data and one of them is switched out to .

Unlike the conventional methods, the proposed modulator
can change the frequency without disturbing the VCO control
voltage or the division ratio of the PLL that alters its loop dy-
namics. Hence, the loop bandwidth can be as large as possible,
minimizing the frequency switching time without degradation
of the modulation speed. In addition, there is no need for
DC-free coding of the data modulation and calibration of the
VCO. Since the FSK is performed by direct-switching with

500 ps delay, the target data rate of 10 Mb/s can be easily
obtained. The divide-by-4 unit following the switch quadruples
the internal frequency separation and thereby the reference
frequency. The 4x reference clock reduces the PLL’s band
switching time by a factor of 4. The frequency division also
compensates the phase noise and the reference spur increment
due to the large loop bandwidth. Since the required frequency
is under 120 MHz, power overhead due to the additional PLL
can be controlled under 1 mW. Therefore, the 10 Mb/s FSK
modulator with the hopping time of 4.2 s consumes only
1.9 mW.

The output phases of the two integer-N PLLs using a common
reference are aligned at every rising edge of the reference clock
as shown in the waveform of Fig. 9(a). If these two signals
are switched simultaneously at the synchronization edge, the
phase continuity of the resulting FSK signal can be guaranteed.
However, in the real implementation of the direct-switching
modulator, the phase discontinuity may occur at its frequency
changing moment because of the timing mismatch between
the two PLL outputs. The timing mismatch mainly comes
from the current mismatch in the charge pumps and the logic
delay of the programmable dividers. In order to compensate for
these, a fast-switching charge pump and a retiming flip-flop are
designed in the frequency synthesizer as shown in Fig. 9(b).
The cascode biasing is used in the charge pump to reduce the
mismatch between the up and down currents when the
changes. The and are added to improve the switching
time by providing a discharge path for the pumping currents
[17]. The flip-flop in the feedback path cancels the delay
of the programmable divider by retiming the divided signal
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Fig. 9. (a) Direct-switching FSK modulator. (b) Internal frequency synthesizer.

with . The spice simulation confirms that the timing
mismatch between two PLLs is reduced to less than 50 ps
under process variations. The ring-type VCO is chosen for its
wide tuning range. To increase the tuning range further without
degrading noise sensitivity, switching capacitors are placed on
the intermediate nodes of the delay chain.

C. DLL-Based FSK Demodulator

Fig. 10 shows the spectrum of the 10 Mb/s BFSK signal with
modulation index after down-conversion to zero-IF.
The binary data 1 and 0 correspond to 5 MHz and 5 MHz,
respectively. The same magnitude and opposite sign of the two
frequencies indicate that the transmitted data can be discrimi-
nated by rotating directions of I and Q signal in the phasor di-
agram. The black and gray arrows in Fig. 10 are the phasors
representing I/Q channels which rotate clockwise or counter-
clockwise according to data. Projections of the I/Q phasors on
the imaginary axis become the I/Q base band signals in time-do-
main. Although the original I/Q are analog signals, they are dig-
itized by limiters and only the information of their polarity and

zero-crossing is used for data detection. Conventionally, the de-
modulation method using flip-flops for lead/lag detection of the
I and Q signals has been widely used for low cost FSK radios
because of its simple implementation [18]. However, the zero-IF
demodulator introduces large amount of jitter at every data tran-
sition originated from the zero crossing delay. Even though the
rotating direction of the I/Q phasors reverses immediately after
data transition, its detection has to be delayed to the next zero
crossing of the I/Q signals, and the zero crossing delay is 50 ns
in the worst case with a 5 MHz base band signal. The jitter ef-
fect gets serious as the MI of the FSK signal decreases. In this
design, the MI value is 1, and the absolute jitter becomes larger
than a half bit interval. To reduce the jitter, the proposed demod-
ulator generates two additional signals, and as shown in
Fig. 11. These are -delayed versions of the original I and Q
signals. A delay-locked-loop is utilized to synthesize the accu-
rate delay, and the control voltage of the internal VCDL is ap-
plied to the VCDL replicas. According to the phasor diagram,

and provide the received data with the zero
crossing delay (50 ns) while the minimum value of the
two delays is always less than (25 ns). The stacked in-
verter selects the output between and for the
shorter delay, so that the transition jitter is reduced by half. Two
resistors and a capacitor at the output serve as a low pass filter
which removes glitches due to the delay line mismatch and the
frequency offset.

IV. IMPLEMENTATION RESULTS

The body channel transceiver is designed and fabricated in
0.18 m mixed mode CMOS process. Fig. 12 shows the chip
microphotograph. The chip area is mm including pads.
The symmetric blocks including the I/Q mixers, base band fil-
ters, and limiters in the RX and the dual frequency synthesizers
in the TX are placed side by side to enhance the matching prop-
erty of the circuit parameters such as gain, voltage offset, and
time delay.

Fig. 13 shows the output spectrum of the local oscillator at
the channel 2. Its phase noise is measured at 95 dBc/Hz @1
MHz and the reference spur is measured at 52 dBc. Without
the divide-by-4 unit in the frequency synthesizer, the spur level
would be raised to 40 dBc which is unacceptably high. For
the other three channels, the measured data, summarized in the
table in Fig. 13 show 2 dB deviation. Fig. 14 shows the mea-
sured control voltages of the VCO in the PLL when frequency
hopping happens. To search for the worst case hopping time, a
random hopping sequence containing every case of the channel
transition is applied. The channel hopping from channel 4 to
channel 2 takes the longest hopping time, 4.2 s which corre-
sponds to 42 bit symbol in the maximum 10 Mb/s data rate.
The hopping overhead decreases in proportion to the data rate.
The measured 10 Mb/s BFSK spectrums of 4 different channels
are superimposed as shown in Fig. 15. Since the dual frequency
synthesizers are utilized, all signal spectrums are symmetric and
identical over wide frequency range without any further cali-
bration. Based on the results of the channel classifications, only
the intact channels are used for communication. The time do-
main waveforms of the channel 1 confirm phase continuity of
the FSK signal at the frequency switching moment thanks to
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Fig. 10. Conventional zero-IF FSK demodulation.

Fig. 11. DLL-based FSK demodulator.

Fig. 12. Chip microphotograph.

the fast switching charge pump and the retiming flip-flop. The
rectangular waveform of the modulator output generates odd
order harmonics with 50% duty cycle. Unlike the other har-
monics, the third-order harmonic of the channel1 is not easy to
be filtered out because it overlaps with the channel4 spectrum
(Fig. 15). However, since all transceivers in a BCC network use
the same channel at the same time for time division multiple ac-
cessing, the spectral overlapping does not degrade communica-
tion quality. The demodulated bit stream in the RX side is shown

in Fig. 16. For comparison, a conventional zero-IF demodulator
is also designed and fabricated on the same chip [18], 2 1
PRBS is applied to the TX side to draw the eye diagrams. The
upper waveform shows that the absolute jitter is reduced by 60%
with the DLL-based demodulator. The proposed scheme can de-
modulate even 10 Mb/s data successfully. The absolute jitter is
measured as 40 ns, which is larger than the estimated 25 ns. The
15 ns discrepancy may be caused by the inter symbol interfer-
ences due to base band filtering and the frequency offset. How-
ever, its cycle-to-cycle jitter is less than 10 ns, and the timing
synchronization can be easily achieved with a simple open-loop
CDR circuit.

The measurement setup of Fig. 17 is prepared to test the effi-
ciency of interference rejection by the proposed AFH. A human
subject attaches the TRX modules at his left and right hands
with Ag/AgCl electrodes and stretched out his two arms. The
TX module is powered by a battery to make external ground
coupling. The RX module is connected to a Lab-Top computer
through a serial cable. The spectrum analyzer measures the SIR
level at the RX side. An RF signal generator emulates possible
interferers to the body channel communication. The received
BER is computed and displayed on a graph as a function of SIR.
Fig. 18 shows the BER performance of the AFH BCC when a
100 kHz BW FM interference exists at 85 MHz. The received
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Fig. 13. LO phase noise and reference spur.

Fig. 14. Control voltage of the VCO at frequency hops.

Fig. 15. Measured FSK spectrums for 4 channels.

signal power through the human subject is 45 dBm. For com-
parison, the normal frequency hopping and no hopping cases are
also considered. Up to 10 BER, the AFH operates just like a
normal FH. When the SIR decreases below 6 dB, the AFH con-
troller detects that the channel 3 is corrupted, and abandons it in

Fig. 16. Eye diagrams of the demodulated bit streams.

Fig. 17. Measurement setup testing interference rejection.

Fig. 18. BER performance of the AFH scheme.

the next hop. At this point, the BER drops abruptly. The BER
of the AFH starts to increase again due to the LNA saturation,
and the SIR level at 0.1% BER is 28 dB, which is a 30 dB im-
provement compared to the normal FH case. The performance
summary in Table I shows that the proposed transceiver can sup-
port the scalability and the reliability required for body-area net-
work [1]. From the on-body measurement, a successful commu-
nication is achieved over 1.8 m distance with 25 dBm noise
interferences. Its BER at 62 dBm can be varied from 10
to 10 according to the required data rate. Table II compares
the proposed transceiver with other short range radios. The data
rate and BER of the body channel transceiver are highly scal-
able according to its applications. Thanks to the AFH, the in-
terference rejection is 10 dB higher than the recent UWB trans-
ceiver [21]. The operating distance of the BCC is relatively short
like 2 m, but enough to cover a body area network. In addition,
since the BCC is confined to the body area, it does not interfere
with adjacent networks [5]. Finally, the energy efficiency of the
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TABLE I
PERFORMANCE SUMMARY

TABLE II
PERFORMANCE COMPARISON WITH CONVENTIONAL SHORT-RANGE RADIOS

TABLE III
PERFORMANCE COMPARISON WITH CONVENTIONAL BODY

CHANNEL TRANSCEIVERS

body channel transceiver is 7 times better than other works. This
low energy is possible because of the low path loss of the body
channel and the low frequency operation of the transceiver. The
performance comparison with the conventional body channel
transceiver is summarized in Table III. Although the energy con-
sumption of the proposed transceiver is slightly larger, the sensi-
tivity and the robustness to the in-band interferences are greatly
improved.

V. CONCLUSION

An interference resilient, 60 kb/s–10 Mb/s body channel
transceiver for body area network is proposed. The transceiver
uses the human body as a signal transmission medium in the
30–120 MHz frequency range for energy-efficient and scalable
data communication around the body. In the frequency range
of BCC, the human body may operate as a receiving antenna
and pick-up large interferences to the body channel RX, de-
grading its SIR to 22 dB. In order to avoid the body-induced
interferences, an AFH scheme that monitors channel status
continuously and selects only the clean channels is introduced
to BCC. To support 10 Mb/s wideband FSK signaling with the
fast AFH, the direct-switching modulator and the DLL-based
demodulator are incorporated in the transceiver design. The
dual frequency synthesizers in the modulator reduce the fre-
quency hopping overhead to 4.2 s without degradation of the
phase noise and the reference spur. As a result, the AFH body
channel transceiver can withstand 28 dB SIR with 10
BER and its energy consumption is 0.37 nJ/b. Finally, 1.8 m
operating distance is measured with 65 dBm RX sensitivity.
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