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ABSTRACT

In this paper, a distributed beamforming problem is inves-
tigated based on spectral efficiency (SE) optimization for
ultra-wideband (UWB) based implant body area networks
(IBANs). We consider a relay network consisting of one im-
plant source, several wearable relays, and one body network
coordinator under the assumption that the individual relay
power is constrained due to the Federal Communications
Commission (FCC) regulations for UWB signals. Taking
into account realistic wireless channels and relay locations,
the SE optimization problem is mathematically formulated
and solved by using convex optimization. Simulation results
show that the proposed beamforming scheme is superior to
other transmission schemes. Moreover, our numerical exam-
ples reveal that the relay location has a significant impact on
the beamforming performance and the proposed beamform-
ing scheme provides an efficient way to prolong the lifetime
of the implant node.

Categories and Subject Descriptors

H.4 [Information Systems Applications]: Miscellaneous;
D.2.8 [Software Engineering|: Metrics—performance mea-
sures

General Terms
Theory
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1. INTRODUCTION

Wireless body area network (BAN) is an enabling technol-
ogy for pervasive healthcare by using several sensors on/in
the human body [1, 2]. Ultra-wideband (UWB) technolo-
gy has a great potential for applications in BANs, owing to
its simple electronics and low power consumption. In UW-
B based implant BANs (IBANs), the achievable data rate
of direct transmission is often unsatisfactory because of the
propagation blockage from the body torso as well as the low
transmit power. Thus, spectral efficiency (SE), as a perfor-
mance criterion related to the data rate, is one of the most
critical concerns for UWB based IBANs. On the other hand,
cooperative communication techniques have gained much at-
tention in wireless networks which can achieve cooperative
diversity gain that improves link reliability and SE [3].

Considerable research into cooperative transmission strate-
gies has been conducted in wireless sensor networks (WSNs)
regarding the SE [4, 5, 6, 7]. In [4], a single relay selection
scheme was proposed to achieve the maximum SE and min-
imum outage probability. For multiple relay cooperation
with perfect channel state information (CSI), distributed
beamforming strategies have been developed to maximize
SE subject to different power constrains under flat fading
channels [5, 6]. In [7], the techniques of [5, 6] have been ex-
tended to the frequency selective fading channel scenarios.
While aforementioned work mainly focused on the narrow-
band cases, it is not straightforward to apply them to the
impulse-based UWB cases due to the special properties of
UWB signaling such as analog transmission and dense re-
solvable multipath. Thus, some extensions of cooperative
transmission strategies to UWB systems have been proposed
in literature [8, 9, 10, 11]. However, the problem of distribut-
ed beamforming regarding SE for UWB based BANS is still
an open issue.

Unlike conventional networks, BANs have many unique prop-
erties, e.g., distinct channel characteristics and very small
network size, where the signal strength is mostly affected by
the physical location of the nodes in relation to each other
as well as the human body. Therefore for relay based co-



operative BANs, the impact of relay location and channel
path loss between nodes must be taken into account. In
particular, both “in-body to on-body” and “on-body to on-
body” channels are involved in cooperative IBANs, which
makes the relay location a critical issue on the system per-
formance. Thus, it is important to analyze the performance
of distributed beamforming and evaluate the effect of relay
location in UWB based IBANs.

In this paper, the SE optimization based distributed beam-
forming problem is investigated for UWB based IBANs. Ex-
plicitly, an IBAN consists of one implanted transmitter, sev-
eral parallel wearable relays, and one body network coordi-
nator. At coordinator and at each relay, a Rake receiver
and matched filter are employed to capture the multipath
energy, respectively. With this configuration, the proposed
network beamforming is equivalent to a distributed power
allocation, where each relay properly adjusts its own power
such that the system SE can be maximized. Under the as-
sumption that individual relay power is constrained due to
the Federal Communications Commission (FCC) regulations
for UWB signals, the network beamforming problem can be
reduced to a quasiconvex optimization problem, which can
be solved by using convex optimization. Simulation results
show that the proposed beamforming scheme outperforms
other transmission schemes. Moreover, the relay location
plays an important role on the beamforming performance
and our numerical examples reveal that the optimal relay
location varies with the battery power limit of the implant
node. Furthermore, given a targeted SE, the power con-
sumption of the implant node is less as a larger the number
of relays and the rake fingers at the coordinator are em-
ployed, which indicates the proposed beamforming scheme
provides an efficient way to prolong the lifetime of the im-
plant node.

The remainder of this paper is organized as follows. In Sec-
tion II, the system and channel models are described. In
Section III, the distributed beamforming transmission is in-
troduced. In Section IV, the SE maximization for distribut-
ed beamforming is detailed. Simulation results are presented
in Section V and the paper is concluded in Section VI.

2. SYSTEM AND CHANNEL MODELS

2.1 System Scenarios

Since two-hop cooperative communication is specified as an
optional scheme in the IEEE 802.15.6 standard [1], the two-
hop cooperative communication is considered in this paper.
As shown in Fig. 1, a cooperative model for IBANs is pro-
posed, where the transmitter node S (Source) is implanted
in the human chest, and m wearable relay nodes (R;, for
i=1,...,m) and a body network coordinator D (Destination)
are assumed to be on the same side of body surface. We de-
note the distance from S to D and penetration depth from
S to the body surface by dsp and d,, respectively. On the
body surface, we construct a xy-plane to present coordinates
of m relays, where P is the projection of S on the body sur-
face and it is set to be the origin point, and the x-axis is
along P to D. In this paper, a special parallel relay topolo-
gy is considered, where m relays have the same z-coordinate
zo [mm] (zo > 0) and are evenly distributed along y-axis.
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With a given y-coordinate y; [mm] for relay ¢, we have

dsr, =\/x +y? + d3,

dr;,p = \/(1'0 — dspsinf)? +yi2,

and

where dsr, and dg,p are the distances from S to relay i
and relay 7 to D, respectively. 6 = arccos(d,/dsq). It is
worth to note that we herein study a two-step amplify-and-
forward (AF) protocol. In the first step, S broadcasts its
signal to relays, and during the second step, relays forwards
their received signals to D.

dsp

Inside the human body

Figure 1: Proposed cooperative model for IBANSs.

2.2 Channel Models

For cooperative transmission, two types of channel models
need to be considered in UWB based IBANs, namely an
“along-torso” channel model from relays to D and an “in-
body” channel model from S to relays. Table 1 summarizes
the path loss models with the corresponding parameters [12,

13].

Table 1: UWB based BAN Path Loss Models

“along-torso” channel | PL3I®(d) = Py + 10no loglo(ﬁ)
Py [dB] 44.6
o 3.1
dro[m] 0.1
“in-body” channel | PL¢P(d) = P, + a(d/d1)"™ + H
P, [dB] 10
a 0.987
ni 0.85
dr1[m] 0.001

1 P; is the path loss at the reference distance, for i=0,1.
2 d,; is the reference distance, for i=0,1.

3 n; is the path loss exponent, for i=0,1.

4 q is a fitting constant.

5 H is a Gaussian distributed random variable with zero
mean and standard deviation 7.84.

From the path loss models defined in the log scale, we can
obtain the path losses in the linear scale from S to R; and
R; to D as,

d
PLsr,(dsr;) = 1077 Wsm)/10 4y



and

PLRiD(dRi,D) = 10PL8B<dRiD)/IO7 = 17 ey

respectively.

For all the links considered, the energy-normalized channel
impulse response (CIR) can be written as

Lp—1

= > ad(t— k),
=0

where k € {SR;, R;D} denotes the links from S to R; and
R; to D respectively. Ly is the number of multipaths, 75 is
the delay of the Ith path, and «y i is the gain of the Ith path.
Since real signals are employed in UWB systems, we are only
interested in the real part of each path gain. Further detail
on the delay profile for “along-torso” and “in-body” links can
be found in [12] and [13], respectively.

3. DISTRIBUTED BEAMFORMING TRANS-

MISSION

For analytical simplicity, we present the IR-UWB signal
model with pulse-amplitude modulation (PAM). The ran-
dom time hopping (TH) or direct spread (DS) codes are not
considered in this paper.

At S, every transmitted PAM symbol duration T consists
of Ny consecutive frames each with duration Ty, where Ts =
N;Ty¢. The symbol information is conveyed by an ultrashort
pulse waveform in each frame. Thus the transmitted symbol
waveform can be expressed as

Ny—1

s(t) =bVPs Y w

3=0

w(t — jTy), b==+1 (1)

where b is the transmitted symbol and P; is the transmit
power of the implant node and the value of Ps depends on
the battery power limit of the implant node. w(¢) denotes
the ultrashort pulse waveform with T,, duration, which has
the unit energy ftT:fO Wi (t) = 1.

For all the links, it is assumed that channel hg(t) remains
invariant over a symbol duration, but it changes from symbol
to symbol. Thus, the received signal at relay i is given by

Ny—1
P
(t) = —_— t— /T
s, (t) PLon (dsn) Z gsr,(t — jTy)
+TL5R,;(t), (2)
where
Lsp,—1

Z a,sr;w(t —T,sR;), (3)
1=0

and nsg, (t) is the additive white Gaussian noise (AWGN)
with zero mean and variance 2. * represents convolution.

Ty is set to be large enough to avoid the inter-symbol inter-
ference (ISI).

gsr, (t) = w(t) * hsr,(

At each relay, a received pulse waveform matched filter is
employed. During each frame duration, the output of the
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matched filter at relay i is given by

‘ (G+1)Ty )
fmxn:/ rsm, (t)gsn, (t — iTy)dt
JiTy
Ps

PLgkr, (dSRi) (4)

&ry (hsr,) + nsr; (),
where j € [0, Ny — 1]. &7, (hsr,) is the captured multipath
energy during T’y at relay ¢ and figr, (7) is still a white Gaus-
san noise with zero mean and variance {r, (hs R, )0

After summing up all the outputs over Ny frames, the deci-
sion statistic b at relay ¢ can be written as

Nj-1
Ps _ .
br, = bNy mef(hSRi)+ jz:;) nsr,; (7). (5)
SR,

i

With {bg, };~1, distributed space-time block coding (STBC)
is applied at relays to achieve spatial diversity gain [14]. Let
B be the STBC matrix with dimension m x N, where N} is
the block length. Examples of the STBC matrix are shown
in Table 2. In this paper, we assume that Ny = QN} and
Q is an integer. Thus, Ny frames are divided into () frame
blocks and the transmitted signal vector from relays in the
second hop can be modeled as

Q
VPraz ¥ brKrWgrBw(t — N;Ty, q),

q=1

where tr(t) = [tr, (t),try(t),...,tr,, (t)]T and the element
tr, (t) represents the transmitted signal at relay i. Ppas is
the maximum transmit power at each relay, which is con-
strained by FCC regulations. br 2 diag{br,,...,br,,}.
Kr 2 diag{|br, |7}, .,|me\7 } and |z| represents the ab-

N}Ps€7, (hsr;) 1
solute value of z. |bg,| = (% + Ny&r, (hsr;)o %)z,

Wp £ diag{w1, ..., wmn} is the diagonal matrix of the re-
lay power allocation weights and 0 < w; < 1. Clearly, the
transmit power of relay i is w2 Prae. We define w(t,q) £
(wlt=Np(g—1)Ty),(t—Nj (=T ~T)), .. o(t— N} (g
)Ty —(Nj—1)Ty)]" is the waveform vector with length N+.

tr(t) = (6)

After passing through channels from relays to D, the re-
ceived signal at D can be represented by

Q m T =
e; brRKrWrBgr.p(t — N¢TY,
t) :mzz RKRWR gR,D( fLf Q)

o PLr;p(dr;D)

+np(t), (7)

where e; is the ith column of the identity matrix. gr,p (¢, q) £
[ng‘D(t_NJI‘ (q_l)Tf)7 gRiD(t_NJl” (q_l)Tf_Tf)7 cee 7gRiD(t_
Ni(g— 1Ty — (Nj = )Ty)]" and gr,p(t) = w(t) * hr,p(t).

np(t) is the AWGN with zero mean and variance o.

At D, a Rake receiver with L, fingers is employed and the
delayed reference waveforms {w(t — 7(I ))}z ! are used.
After combining the Rake outputs over N} frames in each



Table 2: Examples of STBC matrix B for relays

Lm | v B
1 -1
2 2
1 1
1 -1 -1 -1
3 4 1 1 1 -1
1 -1 1 1
1 -1 -1 -1
1 1 1 -1
4 4
1 -1 1 1
1 1 -1 1

frame block, the output per frame block can be written as

Ly—1
2D =V Praz Z ﬂgD(lr)BBTKRWRP’\LRDbR + T_LD(t)
1.=0
= N}V PmamggDKRWRPALRDbR +np (8)
where I, € [0,L, —1]. br = [br,,..-,br,]". Brp(l:) =

[ﬁ}z%lD(l”‘)v v 7512%mD(lT)]T and BRiD(lT) = f()Tf gRti(t -
N _1 _1
T(lr))dt. PLRD 2 diag{PLR12D(dR1D), ey PLanD(dRmD)}-

Exp £ [Emipy- o Eryp)” and Erp = 300 BRp(lr).
Notice that {r,p represents the captured multipath ener-
gy from link R; to D. np is the AWGN with zero mean and
variance N} > Er,po’.

Summing up all outputs over @ frame blocks and substi-
tuting (5) into (8), the decision variable for b can be given
by
2= NiVPraz€ P KrRWrPLEDbR + 7D
= ON7VPrmax Ps€ b KR W rPLErpPLSRE g1
+ NtVPrao€ s pKrWrPLEphsk + fip, 9)

. 1 1
where PLsr £ diag{PLgg, (dsr,)---,PLgg (dsr,,)}and

{SR é [é-Tf (hSRl)a e ang (h’SRm)]T' ﬁSR é [ﬁSR17 o
fip is the AWGN with zero mean and variance Ny 221 fRiDO'Q.

In (9), we identify three components

25 = be2 V PmazPS&EDKRWRPALRDﬁLSRgsRv (10)

Znsn = NV Praok hpKrWrPLepiissg, (11)

and

(12)

Zn RD — ﬁD,
as the useful signal, noise from the first hop, and noise from
the second hop, respectively.

Obviously, the SE optimization based beamforming design
is to find the optimal wg = [wi,... 7wm]T to maximize the
received SE, which is equivalent to the optimal relay pow-
er allocation. In the next section, the optimal relay power
allocation in (9) is investigated.
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S sr,]T

4. OPTIMAL POWER ALLOCATION

In this section, we analyze the optimal relay power allocation
at relays. Since SE is a monotonically increasing function of
the received signal to noise ratio (SNR), the received SNR
is optimized accordingly.

Based on (9)-(12), the received SNR SNRp can be expressed
as

E{|2]*}
SNRD(WR = = —~ . 13)
) B} + Bl P
Using (10), we have
B{|2/%} = whO.wn, (14)

where Oy = N# P P,VVT and V = €rpKrPLrpPLsrEgp.
&rp £ diag{¢r,p,...,&Rr, D}

Using (11), we have

E{|Znsr]’} = WROnW, (15)
where O, = N3 Prao o€ p KiPLypésr and €5 £
diag{ng (h’SRl )7 s 7§Tf (hSRm )}

From (12), we obtain
E{|2nRD|2} = Ny Z&RiDUQ' (16)

i=1

Using (13)-(16), the distributed beamforming problem can
be written as

maximize ngSWR
WR Wgoan + Nf 27;1 £RiDU2 (17)
subject to  0m = Wgr = Ly,

where 0., is a m-dimensional vector with all zero entries and
I,, is a m-dimensional vector with all one entries. With two
m-~dimensional vectors a and ¢, a < ¢ means a; < ¢; for all
i € [1,m].

With an auxiliary variable 6[15], (17) is equivalent to

maximize ¢

wWR,0
T
. wrOswWr 2 18
subject to >4 (18)
! WrOnwWr + Ny 3o Eripo® —
0., R wgr =X 1,,.
Introducing the following notations
o NrXi éripo® 0
u'u 2 ( o o, ) (19)
Wr £ [L,wg]", (20)
and
V2, v, (21)



(18) can be further written as

maximize ¢

WR»
NV Pz PBsWhHV > 6| UWg||
0 2 Wr =1L,

subject to (22)

- T
wgrer = 1.

Since (22) is a quasiconvex problem, it can be reduced to
the following feasibility problem

ﬁnd \XIR
NV Praw PsWhV > 8| UWr||

subject to
: (23)

- T
wgrer = 1.

With (22) and (23), the bisection search method [15] can
be used to find the optimal power allocation vector w%.
Accordingly, the optimal SE can be given by ﬁ log,(1 +

SNRp(w$)) [bits/s/Hz].

S. SIMULATION

To evaluate the SE of the proposed distributed beamform-
ing scheme in UWB based IBANs, numerical results and
examples are presented in this section. In simulations, 7%,
and Ty are chosen to be 0.7ns and 100ns, respectively. Ny
is set to be 4. The noise power spectral density (PSD) is
—174dBm/Hz and the system bandwidth is 1.4GHz. S-
ince the average FCC PSD emission limit for UWB signals
is —41.3dBm/MHz, the maximum average transmit pow-
er Puye is —9.8dBm. With the duty cycle Tuw/Tf, Pmaz =
Pyye * Ty /Ty ~ 12dBm. For the transmit power of the
implant node, we set Ps < 10dBm considering the emis-
sion limit and safety inside the human body. According
to the scale of the human body, dsp and d, are set to be
200mm and 50mm, respectively. At relays, we assume that
&1y (hsr,) = 1 for all i € [1,m] without considering the TSI.
At D, a selective Rake receiver is employed to combine the
L, strongest multipath components.

Fig. 2 shows the average SE versus P in a 2-relay UW-
B based IBANs. For this 2-relay case, we assume that the
coordinates of the two relays are set to be {(90,20)} and
{(90, —20)}, respectively. Performance of the proposed dis-
tributed beamforming scheme is compared to those of the
equal power allocation (EPA) scheme (every relay uses its
maximum power), best-relay selection (S-AF) scheme (the
relay with the highest SNR is selected), and direct transmis-
sion. We can see that the proposed distributed beamform-
ing scheme outperforms all the other schemes. With perfect
channel information at relays, it is about 5dB better than the
OPA scheme which needs no channel information about the
second hop at relays. Compared to direct transmission, we
can see that the proposed distributed beamforming scheme
can provide more than 16dB performance improvement and
this improvement mainly results from the fact that the path
loss of the“in-body to on-body” link is much stronger than
that of the “on-body to on-body” link. From the perspective
of power consumption, the transmit power at S by using dis-
tributed beamforming scheme is much less (more than 28dB)
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Figure 2: Average SE versus P; with L, = 4 in a
2-relay network.

compared to that by direct transmission when the same SE
is achieved. This evidence indicates that the lifetime of the
implant node can be prolonged considerably in distributed
relay networks, which demonstrates the effectiveness of the
proposed distributed beamforming scheme when applied to
UWRB based IBANS.

24 T

;=150 2-relay

)
»

Spectral Efficiency (bits/s/Hz

Figure 3: Average SE versus P, with different num-
bers of relays and relay locations when L, = 4.

Fig. 3 depicts the average SE versus Ps with different num-
bers of relays and relay locations. Specifically, three cases
with m = 1,2, and 3 are considered, respectively. For the
case m = 1, the coordinate of the single relay is set to be
{(z0,0)}. For the case m = 2, the coordinates of the re-
lays are set to be {(z0,20)} and {(xo, —20)}, respectively.
For the case m = 3, the coordinates of the relays are set to
be {(%0,20)}, {(z0,0)}, and {(zo,—20)}, respectively. For
all the cases, x¢ is set to be 30,90, and 150, respectively,
where xo = 30 represents that relays are close to P, zo = 90



represents that relays are located near the middle of P and
D, and zo = 150 represents that relays are close to D. As
shown in this figure, the SE performance improves when the
number of relays is increased. This improvement benefits
from the spatial diversity offered by multiple-relay channel-
s. Thus, given a targeted SE, employing more relays can
improve the power efficiency of the implant node. On the
other hand, it is shown that the relay location plays an im-
portant role for the distributed relay IBANs. With a given
Ps, the SE performance of the proposed distributed beam-
forming scheme is sensitive to the relay location and the SE
is the highest when relays are at o = 30 among all three
locations. Based on these observations, it is concluded that
the relay location is an influential parameter in UWB based
IBANSs. Choosing relays with proper locations can enhance
the system performance effectively.

2" g == 4o T
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el T e N N 1
Fol ANy B S
R T N g
2 a8 9'\ A \Q
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0 15 30 45 60 75 90 105 120 135 150

X, (mm)

Figure 4: Average SE versus z( with different P; in
a 2-relay network.

To further investigate the impact of relay location, the aver-
age SE versus xp with different Ps in a 2-relay UWB based
IBANS is illustrated in Fig. 4. The coordinates of the two
relays are set to be {(zo,20)} and {(z0, —20)}, respective-
ly. From this figure, we notice that the optimal xo exists
with a fixed Ps and the optimal xo varies with Ps. When
the battery power of S is very limited and Ps = —18dBm,
employing the relays at P can achieve the utmost SE. As Ps
becomes larger, the optimal z increases and choosing the
relays close to P is the best option.

Fig. 5 presents the average SE versus Ps with different L, in
a 2-relay network, where the locations of the two relays are
set to be {(30,20)} and {(30,—20)}, respectively. Obvious-
ly, employing more Rake fingers can achieve better SE per-
formance because more multipath energy can be captured.
From the power consumption viewpoint, the lifetime of the
implant node can be prolonged at the cost of deploying more
Rake fingers at D.

In conclusion, the proposed distributed beamforming scheme
can be applied to UWB based IBANs effectively, which is
superior to other transmission schemes. In distributed relay
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Figure 5: Average SE versus P; with different L, in

a 2-relay network.

IBANS, the lifetime of the implant node can be prolonged
at the cost of deploying more relays and more Rake fingers
at D with a targeted SE. Moreover, the relay location has a
significant impact on the system performance and choosing
relays close to P can achieve a better system performance
compared to that with other relay locations.

6. CONCLUSIONS

In this paper, we investigate the SE optimization problem
with distributed beamforming in UWB based IBANs. The
proposed network beamforming scheme is equivalent to solv-
ing a distributed power allocation problem, where each relay
properly adjusts its own power such that the system SE can
be maximized. Numerical examples demonstrate the effec-
tiveness of the proposed distributed beamforming scheme
when applied to UWB based IBANs. We further show that
the relay location is an influential parameter in UWB based
IBANs. The system performance with different relay loca-
tions may have a notable difference. Thus, the effect of relay
location cannot be ignored. Moreover, from the power effi-
ciency point of view, the proposed beamforming scheme is
shown to be a promising way to enhance the power efficiency
of the implant node and prolong its lifetime.
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