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Keywords: Goertzel algorithm, HBC, under-sampling processing, microcontroller-based emitter, power estimation

Human Body Communications (HBC), which has been standardized around 21MHz, potentially offers more favourable propagation conditions than usual wireless technologies such as ZigBee, or Bluetooth. However, due their sensitivity to the close environment, the signal attenuation cannot be accurately determined using lab equipment. For this reason, a battery-powered emitter with emitted power estimation capability is fully described in this paper. The prototype implemented in a 5x5 cm PCB is supplied with a 3.3V battery and has been built around a microcontroller (MCU). The MCU has been programmed to generate a 21MHz square carrier and to under-sample it at 480ksps using the MCU embedded Analog-to-Digital Converter (ADC). To enable the carrier power estimation with this constraint, the Goertzel light discrete Fourier transform algorithm has been implemented using particular parameters values. Finally, to overcome the bandwidth limitations of the ADC MCU pin, an external sample & hold circuit driven by the MCU have been added and optimized.

I. INTRODUCTION

Human Body Communications (HBC) are the third physical (PHY) layer defined by the IEEE 802.15.6 standard dedicated to Wireless Body Area Networks (WBAN) which operate close to human body. This PHY layer is primarily responsible for establishing a reliable and physical link to transmit binary data between receiver and transmitter or other equipments with a speed going up to 1.3125Mbits/s and uses a low carrier frequency centered on 21MHz and a large 3 dB bandwidth of 5.25MHz [START_REF]IEEE standard for Local and metropolitan area network -Part 15.6: Wirless Body Area Networks[END_REF].

On the contrary of usual standardized wireless communications such as ZigBee or Bluetooth which use air as a propagation channel [START_REF] Shannon | A Mathematical Theory of Communication[END_REF], the HBC mark a real technological breakthrough since they propose to use the human body as a propagation medium, which potentially offers more favorable propagation conditions, better data protection and more integrated transmitters.

HBC can be associated with two types of Body Coupled Communications (BCC) where antennas are replaced by electrodes as shown in Fig. 1. The first is the galvanic coupling [3][4] where the four required electrodes are signal electrodes fixed on the human body, two on the emitter side and two on the receiver side. The signal is also differentially applied between the two emitter electrodes. The second is the capacitive coupling [START_REF] Callejón | Distributed Circuit Modeling of Galvanic and Capacitive Coupling for Intrabody Communication[END_REF] [START_REF] Seyedi | An empirical comparison of limb joint effects on capacitive and galvanic coupled intra-body communications[END_REF] which equally implies the use of four electrodes. However, two of the four required electrodes are signal electrodes attached to the human body, while the two others are ground electrodes detached from the body. Thus, a current loop, passing through the human body and the close environment such as the ground, is created and allows the signal to go from the emitter to the receiver. In this context, the propagation medium can be considered as a transmission line where the human body is the forward path and the close environment is the return path.

Since HBC were standardized, several studies [START_REF] Wegmueller | Signal Transmission by Galvanic Coupling Through the Human Body[END_REF]- [START_REF] Cai | Impulse radio intrabody communication system for wireless body area networks[END_REF] have been conducted to characterize the human body as a propagation channel. A comparison between measured human body path loss founded in literature is shown in Fig. 2 [START_REF] Maity | Characterization of Human Body Forward Path Loss and Variability Effects in Voltage-Mode HBC[END_REF]. These measurements show that the human body path loss around 21MHz is distributed on a large range which is between 22dB and 62dB. This variability can be explained in part by the different experimental conditions used to carry out the measurements such as the coupling type (capacitive or galvanic), the electrodes type, the electrodes position, and the inter-electrodes distance. However, the different equipments used to perform the measurements (balun, couplers, cables, vector network analyzer, etc.) have a higher impact on the measured path loss, especially in the case of a capacitive coupling where the path loss highly depends of the close environment. Indeed, parasitic couplings can be created by the use of main-supplied equipments via the electrical earth, or just by the use of long wires. Therefore, to make the measurement under realistic conditions, a compact batterypowered transmitter capable of estimating the emitted power and a compact battery-powered receiver capable of estimating the received power, are required to properly characterize the path loss of the human body in the context of HBC.

For this reason, this work proposes a transmitter capable of estimating the emitted power for the HBC frequency band without external measurement devices. It is based on a microcontroller and is supplied by a battery to isolate it from the main. Finally, to allow the estimation of the emitted power, the Goertzel algorithm [START_REF] Goertzel | An Algorithm for the Evaluation of Finite Trigonometric Series[END_REF], which is a light discrete Fourier transform algorithm, has been implemented using particular parameters values.

The paper is organized as follows. In section II, the architecture of the proposed transmitter is presented. In section III, the Goertzel algorithm is described and the choice of its associated parameters is detailed. Finally, measurement results are shown in section IV. 

II. DESIGN OF THE PROPOSED TRANSMITTER

A. Architecture of the proposed transmitter

The complete block diagram of the proposed transmitter is shown in the Fig. 3.a. A 21MHz square wave is also generated on a DSPIC microcontroller (MCU) pin and applied to the signal emitting electrode, the MCU being clocked at 84MHz using a 20MHz crystal oscillator. In addition, this signal is connected to the ADC MCU which is triggered by rising edges of a 480kHz signal generated by the DSPIC PWM peripheral (PWMH signal) to under-sample the 21MHz square wave at 480ksps. Next, the samples are used to estimate the power level emitted in dBm with help of Goertzel discrete Fourier transform algorithm. Finally, the power emitted is displayed on an OLED screen.

To overcome the bandwidth limitations of the ADC MCU pin which is equal to 0.5MHz, an external Sample & Hold circuit (S&H) which consists in a switch (74LVC1G3157) have been added as shown in the Fig. 3.b. This switch is controlled by a 480kHz signal generated by the MCU PWM peripheral (PWML signal). During the sampling phase, PWML is equal to 0 and the 21MHz square wave is connected to the storage capacitor C. During the hold phase, PWML is equal to 1 and the voltage stored in C is connected to the ADC input which enables the analog-to-digital conversion.

To ensure a synchronization between the hold phase and the analog-to-digital conversion, the PWMH signal which triggers the ADC is shifted a quarter period from the PWML signal which control the switch as shown in the Fig. 4.

B. Choice of storage capacity

The proposed external sample and hold circuit is controlled by a 480 kHz signal generated by the DSPIC PWML pin with a 50% duty cycle. During the sampling phase (PWML = 0), the 21MHz square wave is also transmitted to the storage capacity C across the switch which can be considered as a resistor Ron. Thus, during this phase, the circuit can be approximated by a simple RC circuit as shown in Fig. 5 [10] [START_REF] De Teyou | Statistical analysis of harmonic distortion in a differential bootstrapped sample and hold circuit[END_REF].

Considering that after 5τ the capacitor is fully charged (where τ = RonC is the time constant of the circuit), the condition to have a sufficiently fast charging time is expressed as follows:
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(1)

which leads to:

(2)

where, TS is the sampling period. Since the typical value of Ron for the used switch is 6.5Ω, it also appears that C must be less than 32nF. During the hold phase (PWML = 1), the stored voltage is connected to the ADC input and it can be assumed that the capacitor discharges at a constant current Ileak which is equal to the leakage current of the ADC input as shown in Fig. 6 (Ileak=6.5µA from DSPIC datasheet). Thus, the condition to ensure that the capacitor discharge is lower than the ADC quantum q is: [START_REF] Callejón | Distributed Circuit Modeling of Galvanic and Capacitive Coupling for Intrabody Communication[END_REF] where Tc is the time necessary for analog-to-digital conversion (Tc=0.5µs from DSPIC datasheet) and q is the quantum which is equal to Vref /2 N (Vref = 3.3V and N = 10 bits). As result, C must be greater than 93pF.

Finally, it has been found in measurement that the optimal capacitor value is 120pF which fulfills the conditions (2) and (3).

III. GOERTZEL ALGORITHM

Goertzel algorithm [START_REF] Goertzel | An Algorithm for the Evaluation of Finite Trigonometric Series[END_REF] is an algorithm used in signal processing, which performs a discrete Fourier transform of a signal v[n] for a single frequency f. Therefore, it is proposed here to use this algorithm to estimate the power of the 21MHz carrier.

First, a parameter α is defined as follows: [START_REF] Seyedi | An empirical comparison of limb joint effects on capacitive and galvanic coupled intra-body communications[END_REF] where f is the nonzero frequency of interest and FS is the sampling frequency, the both being chosen to ensure that α is not a multiple of π which never happens if Nyquist-Shannon sampling theorem is respected. Then, the sequence g[n] is computed using N samples of the voltage v[n] such that:
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Finally, magnitude and phase of the signal v[n] associated to the frequency f can be computed as follows: 

A. Choice of sampling speed and number of samples

The sampling frequency FS and the number of samples N on which the Goertzel algorithm is applied must be carefully chosen. Indeed, FS can be expressed as a function of the frequency of interest f as follows:
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where p is an integer greater than or equal to 3 and q is an integer greater than or equal to 1 to ensure the convergence of Ag (resp. φg) to the magnitude (resp. the phase) associated to the signal v[n] at the frequency f in the Fourier's domain. In addition, using ( 12) in ( 4), α can be written as follows:

G I (13) 
where p and q must be chosen so that α is not a multiple of π.

In other words, 2q/p must not be an integer to avoid that sinα = 0 which freezes the Goertzel algorithm in real domain (φg = 0). According to (4), this means for under-sampling condition (FS < 2f) that 2f must not be a multiple of FS.

Considering the proposed architecture, the Goertzel algorithm must be implemented in the DSPIC which generates the 21MHz square wave (21MHz being the standardized carrier frequency for HBC communications) and acquires the N samples. Therefore, the DSPIC oscillation frequency (Fosc) has been chosen as a multiple of f as follows:

H = LMN O (14)
which leads to Fosc = 84MHz since f is equal to 21MHz.

By associating ( 12) and ( 14), the following equation is obtained:
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A way to guarantee that 2p/q is not an integer, as required by the Goertzel algorithm since α must not be a multiple of π, is to consider an odd number for 4p/q. Thus, a simple solution is to choose p equals 4 and q equals an odd number.

To determine q, it is now necessary to take into account the maximum sampling frequency of the DSPIC which is here 500ksps. Therefore, the odd integer q that enables to obtain the higher finite whole sampling frequency less than 500kHz is 175. As result, the obtained sampling frequency is 480kHz. Since the convergence between the Fourier series and the Goertzel algorithm is p-periodic for a noise-free signal, the algorithm must be applied for a true signal on N samples with:

P = Q R (16)
where r is an integer. To ensure the algorithm is stabilized, r is here taken equal to 10. As result, the number of samples obtained is 40.

B. Test of the Goertzel algorithm using MATLAB

The Goertzel algorithm has been first implemented with the parameters indicated above (f=21MHz and FS=480 kHz) using the MATLAB software and applied on ideal 21MHz square and sine signals between 0V and 3.3V sampled at 480kHz as shown in the Fig. 7.

To verify the accuracy of the Goertzel algorithm with theses under-sampling conditions, the magnitude Ag obtained using the Goertzel algorithm are compared in Tab. I to the magnitude associated to the frequency f in Fourier's domain. The latter can be obtained using the usual Fourier series and is equal to 4A/π for a square wave, and A for a sine wave (with A=1.65V for the both since waves are between 0V and 3.3V). An error of 11% is obtained for the wave due to aliasing of harmonic frequencies, which is acceptable considering the under-sampling condition. However, results perfectly match for the sine wave, but requires an additional band-pass filter to be obtained from a square wave as the one generated by the DSPIC. Finally, φg is not provided here but perfectly matches for the both waves when f is considered. The proposed transmitter has been implemented in a 5cm x 5cm PCB as shown in Fig. 8. It is based on a DSPIC supplied with a 3.3V battery and clocked at 84MHz using a 20MHz crystal oscillator. As indicated before, the DSPIC has been programmed to generate a 21MHz square wave and to under-sample it at 480ksps using an external sample & hold circuit controlled by the DSPIC too. To allow power estimation of the 21MHz carrier, the Goertzel discrete Fourier transform algorithm has been implemented as indicated in section III. To get an image of the emitted power, Ag is converted in dBm as shown in Fig. 8 using: STUVWX = 10 log 0\ :
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where R is the fictive resistor equal to 1Ω. Finally, the 21MHz square wave is applied to a standard 3cm electrode used for electrocardiogram measurement and the ground electrode necessary for capacitive coupling consists of the PCB ground floor.

Fig. 9 shows a comparison between the values sampled with and without the external sample & hold circuit, which should be ideally 0 or 1023. As expected, it appears that the signal obtained using the external sample & hold circuit is closer to the ideal under-sampled signal than the one obtained without it. However, its Ag value leads to an error of 24% when compared to the one of the ideal under-sampled square wave as shown in Tab. II. This difference can be explained by the bandwidth of the external sample & circuit which is unfortunately not enough (even if better) to obtain an undersampled signal closer to the ideal under-sampled square wave since most of square harmonic frequencies are filtered. Nevertheless, the signal obtained using the external sample & hold looks like the ideal under-sampled sine wave and its Ag value leads to an error of only 6.7% when compared to the one of this sine wave as shown in Tab. III. V. CONCLUSION Human Body Communications (HBC), which has been standardized around 21MHz, potentially offers more favourable propagation conditions than usual wireless technologies such as ZigBee, or Bluetooth. However, due their sensitivity to the close environment, the signal attenuation cannot be accurately determined using lab equipment. Therefore, to make the measurement under realistic conditions, a battery-powered emitter with emitted power estimation capability has been fully described in this paper. The prototype implemented in a 5x5 cm PCB is supplied with a 3.3V battery and has been built around a MCU. The MCU has been programmed to generate a 21MHz square carrier and to under-sample it at 480ksps using the MCU embedded Analog-to-Digital Converter (ADC). To enable the carrier power estimation with this constraint, the Goertzel light discrete Fourier transform algorithm has been implemented using particular parameters values. Moreover, to overcome the bandwidth limitations of the ADC MCU pin, an external sample & hold circuit driven by the MCU have been added and optimized. However, a filter could be added in the designed transmitter to completely filter harmonic frequencies of the square wave and also to improve power estimation using Goertzel Algorithm when an undersampling is considered as in this work. Finally, to properly characterize the path loss of the human body, a compact receiver capable of estimating the received power has now to be designed.
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Fig. 6 .

 6 Fig. 6. Equivalent circuit of the external sample and hold circuit during the hold phase.

Fig. 7 .
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 9 Fig. 9. Comparison of the forty 10bit-samples when the 21MHz square wave is under-sampled at 480kHz.

TABLE I :

 I Magnitude comparison obtained with Goertzel algorithm and Fourier series.

				IV. MEASUREMENT RESULTS
		Goertzel Algorithm	Fourier series	Error
		using MATLAB (V)	(V)	(%)
	Under-sampled square wave	2.33	2.10	11.0
	Under-sampled sine wave	1.65	1.65	0

TABLE II :

 II Comparison of the Ag value obtained with the Goertzel algorithm using the designed prototype and an ideal under-sampled square wave.

		Without external S&H	With external S&H	Ideal under-sampled square wave (MATLAB)
	Ag (V)	0.84	1.76	2.33
	Error (%)	64%	24%	0

TABLE III :

 III Comparison of the Ag value obtained with the Goertzel algorithm using the designed prototype and an ideal under-sampled sine wave.

		Without external S&H	With external S&H	Ideal under-sampled sine wave (MATLAB)
	Ag (V)	0.84	1.76	1.65
	Error (%)	49%	6.7%	0