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Abstract—In this paper, the first- and second-order fading 

characteristics of diversity reception techniques used for indoor 

off-body communications are investigated. The work considered a 

body worn transmitter situated at either the chest, waist or wrist 

of a user and a hypothetical 5.8 GHz base station equipped with 

multiple receive antennas. In particular, diversity specific statistics 

for selection, equal gain and maximal ratio combiners operating in 

Nakagami-m fading conditions were used to model the statistics of 

the small-scale fading experienced output of the combiner. It was 

found that adding additional branches significantly reduced level 

crossing rates at lower signal levels. Moreover, the theoretical 

diversity specific probability density and level crossing rate 

equations provided an excellent fit to all of the combined envelopes 

analyzed in this study.   

I. INTRODUCTION 

Interest in the use of body centric communications has 
continued to rise due to emerging applications in the medical, 
military, sports, and entertainment domains. Generally, body 
centric communications can be categorized into three areas: on-
body, off-body, and body-to-body communications. In off-body 
communications, one or more wireless devices positioned on the 
human body communicate with a local transceiver or base 
station in a different physical location. In off-body channels, 
variation of the received signal can occur due to body shadowing, 
movement of body parts, strong reflections form nearby objects 
and scattering from the body and surrounding environment [1]. 
The small scale attributes of this signal variation are often 
reported using a combination of first- and second-order statistics 
such as probability density functions (PDFs) and level crossing 
rates (LCRs).  

The Nakagami-m distribution has recently been used to 
model fading in channels that incorporate the human body [2]. 
Moreover, it has been used in the analysis of diversity reception 
techniques [3, 4] and for body centric applications [5]. In [6], 
Yacoub has provided the analytical first- and second-order 
expressions for selection combining (SC), equal gain combining 
(EGC), and maximal ratio combining (MRC) techniques under 
the assumption of identical Nakagami-m fading conditions, 
equal noise power and independence between diversity branches. 

In this paper, a statistical characterization of indoor off-body 
communications using with multiple antennas at the base station 
is presented using these analytical expressions.  

II. MEASUREMENT SYSTEM AND EXPERIMENTS 

All of the experiments conducted in this study were 
carried out in Wireless Communication Laboratory situated on 
the second floor of the ECIT building at Queen’s University 
Belfast in the United Kingdom. The lab (dimensions ‒ 7 m × 10 
m × 2.7 m) contained a number of chairs, boxes, lab equipment 
and also desks constructed from medium density fiberboard. The 
transmitter section of the radio channel measurement system 
consisted of an ML5805 transceiver, manufactured by RFMD, 
which was configured to transmit a continuous wave signal with 
a power level of +21 dBm at 5.8 GHz. The antennas used by both 
the transmitter and the hypothetical base station were +2.3 dBi, 
sleeve dipole antennas (Mobile Mark model PSKN3-24/55S). 
The transmit  antenna was mounted parallel to the body surface 
of an adult male of height 1.83 m and mass 80 kg. The antenna 
was positioned at three different body locations on the test 
subject: (a) the central chest region, at a height of 1.42 m, (b) the 
central waist region, at a height of 1.15 m, and (c) the right wrist 
region at a height of 0.98 m.  

The receiver section (i.e. the hypothetical base station) of the 
radio-channel measurement system consisted of four identical 
sleeve dipole antennas and a Rohde & Schwarz ZVB-8 Vector 
Network Analyzer (VNA). The four antennas were connected to 
ports 1, 2, 3, and 4 of the VNA using calibrated low-loss coaxial 
cables. The antennas were aligned along a straight line with an 
equal spacing of either a half or full wavelength, i.e. a uniform 
linear array. The receiver array was mounted vertically on a non-
conductive height adjustable stand at an elevation of 0.83 m 
above the floor level. Both the transmitter antenna and receiver 
antenna array were vertically polarized.  

The VNA was configured as a sampling receiver, recording 
the b1 wave quantity incident on ports 1, 2, 3, and 4 at a sample 
rate of 56 Hz. A number of different scenarios were considered 
in the experiments, these were: (1) mobile LOS and (2) NLOS 
where the test subject walked towards and then away from the 
receiver antenna array in a straight line, respectively, and finally 



(3) random movement in LOS and (4) NLOS where the test 
subject walked randomly towards and then away from the 
receiver antenna array, respectively. All measurement trials 
were repeated five times. 

III. RESULTS 

Combining of the received signal for each of the three 
schemes (SC, EGC, and MRC) was performed using the 
procedure described in [5]. To estimate the m and   parameters 
of the small-scale fading at the output of the hypothetical 
combiners, the data was normalized to the local mean rms signal 
level. A smoothing window of 100 samples was used for this 
purpose. As an example, Table I shows the estimated m and   
values for all of the potential diversity combining configurations 
when the transmitter was positioned on the right wrist region 
during scenario 1. These were obtained for SC, EGC and MRC 
using equations (10), (22) and (30) of [6] respectively. All 
parameter estimates were obtained using a non-linear least 
squares routine programmed in MATLAB. In Table I, to 

improve the robustness of the parameter estimates, m  and   

are the mean parameter estimates of m and   averaged over the 
five repeated trials. As we can see from Table I, the Nakagami-
m parameter estimates are quite close to 1. When the m 
parameter is equal to 1, the Nakagami-m PDF becomes 
equivalent to the Rayleigh PDF. Therefore, this suggests that the 
fading conditions at the input of combiners are close to those 
experienced in Rayleigh fading environments. Table I also 
contains the estimated maximum Doppler frequencies which 
were also obtained using the non-linear least squares method.  

As an example, Fig. 1 shows the empirical and theoretical 
PDF and LCR plots for one-, two-, three- and four-branch MRC 
diversity combined envelopes while the user walked towards the 
hypothetical diversity receiver during trial 4 of scenario 1 with 
the transmitter positioned on their right wrist. It can be seen quite 
clearly that the crossing rates for the combined signal envelopes 
are significantly reduced at lower signal levels compared to the 
signal envelope at the branch with the highest mean. When 
moving from a two-branch receiver to a four-branch receiver, all 
fades beyond 13 dB, 10 dB, and 8 dB below the local mean 
signal level have been completely eradicated when using a two-, 
three- and four-branch receiver, respectively. For all of the 
combined signals, including the results not shown here, the 
respective theoretical PDF and LCR equations provided an 
excellent fit to all of the combined envelopes. This suggests that 
for similar off-body applications, the theoretical the PDFs and 
LCRs for SC, EGC and MRC combiners operating in Nakagami-
m fading conditions [6] can be used to adequately describe first- 
and second-order statistics of the small-scale fading observed at 
the output of base stations equipped multiple antennas. 

IV. CONCLUSIONS 

A statistical characterization of diversity reception 
techniques for off-body communications at 5.8 GHz has been 
performed. The first- and second-order statistics of three 
commonly encountered diversity combining schemes have been 
shown to provide a good match to theoretical expressions which 
assume Nakagami-m fading conditions.  
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Fig. 1 Empirical (blue circle) and theoretical (red continuous line) PDF (a)-(d) 
and LCR (e)-(h) for scenario 1 with transmit antenna on the right wrist: (a) and 

(e) one-branch, (b) and (f) two-branch MRC, (c) and (g) three-branch MRC, (d) 

and (h) four-branch MRC.

TABLE I.  ESTIMATED PARAMETERS AND MAXIMUM DOPPLER FREQUENCIES FOR THE RIGHT WRIST IN SCENARIO 1  

Antenna 

Matching 

Selection Combining Equal Gain Combining Maximum Ratio Combining 

m    mf  m    mf  m    mf  

(1, 2) 1.22 0.70 4.46 1.13 0.63 4.16 1.16 0.55 4.56 

(2, 3) 1.31 0.71 4.74 1.30 0.62 4.54 1.31 0.51 4.90 

(3, 4) 1.26 0.70 4.62 1.21 0.61 4.42 1.20 0.50 4.74 

(1, 2, 3) 1.11 0.57 4.60 1.04 0.42 4.18 1.04 0.33 4.68 

(2, 3, 4) 1.25 0.58 4.88 1.23 0.41 4.50 1.23 0.33 5.00 

(1, 2, 3, 4) 1.11 0.50 4.76 0.99 0.32 4.17 1.00 0.25 4.68 
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