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WBANs means?

e Networks which can be wear-
able, implanted or around the

human body [1].

'S, Movassaghi, M. Abolhasan, J. Lipman, et al., “Wireless body area networks: A survey”, IEEE
Communications Surveys & Tutorials, vol. 16, no. 3, pp. 1658—1686, 2014.
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WBANs means?

e Networks which can be wear-
able, implanted or around the

human body [1].

systems

e Networking at human body level
(WBANSs + loT) is expected to
cause a dramatic shift in HcS [1].

'S, Movassaghi, M. Abolhasan, J. Lipman, et al., “Wireless body area networks: A survey”, IEEE
Communications Surveys & Tutorials, vol. 16, no. 3, pp. 1658—1686, 2014.
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WPTn concept for _.-I
implanted device autonomy

WPT node (WPTn) is an autonomous wearable WBAN node
used as energy and communication solution for a passive im-
planted RFID tag that sense biomedical data.




Self-sustaining WPT system
power chain

The maximum available power (Pa,ys) of the Implanted power supply is limited by
BOTH power chain efficiency and P.ys of the Power EPS [2].

Implanted Power Supply
| WPTn Implanted Device
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I RF WPT interface
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y link or DC |-
Antenna)

i Power EPS




Self-sustaining WPT system Design

Traditional design approach:
e The system interactions are reduced to V or | specifications.
e The subsystems are optimized individually.
Non - Traditional design example:
e Regulator-less PA: A non regulated voltage between the EPS and
the power amplifier (PA) was explored in [3].

- For Self-sustaining WPT system
v traditional design approach is
R Li< Lo inadequate, because maximum
n does not necessarily means
RF DC maximum P,;.
EPS B Inductive Link T

3J. C. Rudell, V. Bhagavatula, and W. C. Wesson, “Future integrated sensor radios for long-haul communication”,
IEEE Commun. Mag., vol. 52, no. 4, pp. 101-109, 2014.




Modeling of the energy-flow process I
using the PA impedance ports

e At input power ports: Rpc
and Rac .

o A fraction of the power “dis-
sipated” by PA are trans-
fered to R = Ry.
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Modeling of the energy-flow process I
using the PA impedance ports

o At input power ports: Rpc
and Rac .

o A fraction of the power “dis-
sipated” by PA are trans-

fered to R, = Ri. e The load power depends only on

the external elements connected
to the PA.
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Modeling of the energy-flow process I
using the PA impedance ports

e The load power depends only on

e At input power ports: Rpc the external elements connected

and Rac - to the PA.

o A fraction of the power “dis- e The output power port could be
sipated” by PA are trans- modeled by a AC circuit power
feredto R, = Ry;. source.

Rs VDC\
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C’{E R 1 VAC
— @
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Converter: , = =

=

10



Circuit power source

i(t) 44 1
15(t) + !

A circuit power source .
imposes the power on ~
its load [4]. i(t) S\,

“R. W. Erickson and D. Maksimovic, Fundamentals of power electronics. New York: Springer, 2001.
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PA efficiency predicted by
the Model |

ER  Va?®  Im Vi
2 LT oR, 2
2

Vid Prr =

Vibc
Ppc = Ipc?Rpc = R = Ipc Ve

DC
Output power and efficiency:
Prr = PAE - Ppc + Pac

Pre =np - Ppa
Prr =1 - (Ppc + Pac)

i When P,c is negligible compared to Ppc:
Ire = I,,sin (wot)

Ve = VmSin(th) ~ PAE ~ nm A Pre _ RL m 2
O S Ppe T 2Rpe .

Ipc
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PA efficiency predicted by
the Model

Class-D PA

DC power= Bias circuit (or the driver
circuit) + PA power stage. Therefore,
7 can be rewritten as:

_ 1R.Rpc < Im

Ipa

2
= =f(G
=3 Rea’ > (Gr)

Gr is the PA impedance factor defined
as Gp = Rpc/R[_, and f(X) is a func-
tion dependent on the PA topology.

13



Class-D Modeling Example | I

Considering ideal components, D=50% in the
AC-port, high loaded quality factor, the MOSFET
(N and P type) as an ideal switch an Rop.

_ Vi _ 4Vpce
- (RL + Ron) a 7T(RL + Ron)
Ipa = (ipa(t)) 1, = 2Im/m

Im

V 2
Rea = ~2% = == (Ry + Ron)
Ipa 8
Ron
R, — —©°"
bias fb'O('Q'b

where, a represents the capacitance excess due
to the driver implementation. The technology pa-
rameters (i.e., a = S and b = Ron W) were

w
proposed in [5].

5B. R. W. Stratakos Anthony J. and S. R. Sanders, “High-efficiency low-voltage dc-dc conversion for portable
applications.”, in Proc. Int. Workshop on Low-Power Design, Napa, CA. 1994, pp. 21-27.
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Class-D Modeling Example li

P A =990 MHz, a=7.8nF/m.b=4.3mQ,0=1
DC 0.7
Ri¥|  Im |TRes

Ibias * Co Lo ag //
AC RF 0.4

7 { ' =7

CBypass h / \
] GND 02 /
_ 1 GR
1 This efficiency is maximum when:
(1+m(GR)) 1+ k 1+m
Vk+Dk+k

where the function m(x) is given by: Gopt = (A+B)JktDk+A(k+1) M

1 ! ; .
m) = - ((A +B)x—1%/1+ (24— 2B)x+(A+ B)sz) 15 e Vs 5

Vk? +k @
R Tmax =
A=fo-a-a-b;8:;82;k:%;GR:—}‘;C. " (k+ViIe+k) (k+1+ Vi +k)
L
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Proposed Design Methodology |

3323

oc-im  DC/RF converter

® For maximizing the power deliv- 1:M
ered to the load, the methodology
maximize BOTH the power sup-
plied by the harvester and the PA
efficiency.

® The methodology uses PA mod-
eling based on its ports and
impedance matching concepts.

® The DC-IM implementation could AC AC

be an DC/DC converter, and the In Out
AC-IM implementation could be a

L or 7 network.

DC

AC-IM AC-IM
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Proposed Design Methodology I

Step Step Description Equation

Find the P, of the power EPS and  €-9. for a thermoelectric generator, the
its related variables: optimum load internal series resistor of the EPS (Rs)
impedance (Rpavs), load voltage (Vpavs) is constant, therefore: Rpavs = Rs,

% v,
and current (/pavs)- Vpavs = ~2€ and lpavs = 2'%:_

1

SBECCIZOle
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Step

Step Description

Proposed Design Methodology I

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), load voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.g. Vmax CMOS process.)

SBECCIZOle
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e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,

v %
Vipavs = =5< and Ipavs = 2%,55.

VDCopt = Vimax



Step

Step Description

Proposed Design Methodology i

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), load voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.g. Vmax CMOS process.)

Find the DC current that extracts the Pays
of the EPS.
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e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,
Vpavs = % and lpavs = ‘2%55.
\/DCE,pt = Vmax

Pays
Vinax

Ipc,,: =



Step

Step Description

Proposed Design Methodology i

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), load voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.9. Vmax CMOS process.)
Find the DC current that extracts the Pays
of the EPS.

Find the impedance of the PA DC-port
that maximizes the power extracted from
the harvester.

SBECCIZOle

20

e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,

V Vv
Vipavs = =5< and Ipavs = 2%,55.
VDCopt = Vinax

Pays

Vinax

Ipc,,: =

2
V= max
Pays

— VYbc _
Roco = 7o =



Step

Step Description

Proposed Design Methodology i

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), l0ad voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.9. Vmax CMOS process.)
Find the DC current that extracts the Pays
of the EPS.

Find the impedance of the PA DC-port
that maximizes the power extracted from
the harvester.

Find the optimum load value for maxi-
mizing PA efficiency.
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e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,

v v
Vipavs = =5< and Ipavs = 2%,55.

VDCopt = Vimax

_ Pays

IDCDPr T Vinax
_ Vpc _ Vo
Rbcope = Ipc — Pavs
Riope = GRope RDCope



Step

Step Description

Proposed Design Methodology i

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), l0ad voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.g. Vmax CMOS process.)
Find the DC current that extracts the Pays
of the EPS.

Find the impedance of the PA DC-port
that maximizes the power extracted from
the harvester.

Find the optimum load value for maxi-
mizing PA efficiency.

Find the specifications of the DC and
AC impedance matching networks (DC-
IM and AC-IM).
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e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,
Vipavs = % and lpavs = ‘2%55.
\/DCE,,Jt = Vinax

Pays

Vinax

IpCope =

2
V= max
Pays

— VYbc _
Roco = 7o =

Rigpe = GRope RDCopt

M= R,";"Copf =
Pavs

V2 max.
Pavs-Rpays




Step

Step Description

Proposed Design Methodology i

Equation

Find the P,, of the power EPS and
its related variables: optimum load
impedance (Rpavs), l0ad voltage (Vpavs)
and current (/pavs)-

Fix the voltage in the PA DC-port as the
highest for a particular implementation
restriction (e.g. Vmax CMOS process.)
Find the DC current that extracts the Pays
of the EPS.

Find the impedance of the PA DC-port
that maximizes the power extracted from
the harvester.

Find the optimum load value for maxi-
mizing PA efficiency.

Find the specifications of the DC and
AC impedance matching networks (DC-
IM and AC-IM).
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e.g. for a thermoelectric generator, the
internal series resistor of the EPS (Rs)
is constant, therefore: Rpavs = Rs,

v v
Vipavs = =5< and Ipavs = 2%,55.

VDCopt = Vimax

_ Pays
IDCDPr T Vimax
_ Vpc _ Vo
RDCDPt ] = Pays
Riope = GRope RDCope

M = RDCOPf max
RPavs P3V5 Rﬁ’avs

= Pays- RL
RLopt GRopt V2 nax




Class A Study Case - PA Modeling |

Ideal class A PA

o 1 2 3 a

GR
This efficiency is maximum when:

Gr

opt

its maximum value is:

Nmax = 50%
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Class A Study Case - PA Modeling Il

As a proof of concept a class A PA was
designed, simulated and implemented.

Ipa fo RL
1imA 100kHz 1kQ

The simulation setup uses the harmonic
balance simulation technique in the Ad-
vanced Design System (ADS®) soft-
ware. Vac and Rpa sweeps were imple-

mented.
/\ PA simulation results
Rpa | Limit Poc  Ppc PL PL 'z
Q) | t [vacly, WolC wl wol wL[ wol wL ;
@ | tpe R YR i R The Rpa sweep was implemented by
05 | Vm=Vc 0530 0564 0564 0138 0.138 245 245 a fixed current (_’PA=_1 mA) and a Vpc
10 | Vm=Vc 1481 1127 1127 0545 054§ 483 482 sweep. The circuit was simulated
15 [ Imelpa 1180 1691 1691 0545 0548 322 321 . .
20 | Im=lpn 1180 2254 2254 0545 0545\242 241 with and without the output LC tank
\4 filter|(Only Go).
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Class A Study Case - PA Modeling Il

In the experimental setup the /p4 was
fixed to 1 mA and the Rps was set with
the Vpc. In this setup, Vac was in-
cremented until the PA operates at the
limit of the class-A operation (I, = Ipa

or V,=Vc¢).

p— PA experimental results /\
Rpa Limit [Vacly,  LCtank Ppc P, n
Q) type (mW) (mW) (%)
050  Ym=Ve 0679 wio 05002 0.1242 | 24.8
100 Vm=Ve 1516 wio 10.003  0.5004 | 50
150 Jlm=lpa 1516 w/o 15.002 05010 | 33.3
200 /im=lpa 1516 w/o 2002 05010 \ 25

~—
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Class A Study Case - PA Modeling IV I

The predicted efficiency by the proposed PA model and the results
(simulated and experimental) are plotted in the Figure

--Theoretical
-=Simulated
+Measured

1 15 G-
27 UF SCaisimen




Class A Study Case - Proposed
Methodology (PA + Power EPS) J

In order to verify experimentally the proposed methodology without the
practical limitations of the commercial harvesters and the impedance
matching networks, we choose a scenario with the following specifi-
cations: a emulated power EPS with P,,, = ImW and R,.,s = 1k, a
resistive load of R, = 1k, and fy = 100 kHz.

Metodology Results
Voc,. Ioc,e FRocn Ri,e M n
1V 1mA 1kQ 1kQ 1 1

Experimental results N
Rpc Peps Ppc Prr / MEPS  TIDC/RF
1.001kQ2 2.004mW 1000.3 W 500.4uW \?0% 50 %
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Conclusions |

o A design methodology for a generic PA fed by a power EPS was
proposed.
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Conclusions |

o A design methodology for a generic PA fed by a power EPS was
proposed.

e As a proof of concept a class-A PA was designed, implemented
and tested.
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Conclusions |

o A design methodology for a generic PA fed by a power EPS was
proposed.

e As a proof of concept a class-A PA was designed, implemented
and tested.

e The results reflect that the designed PA extracts the maximum
available power of the source with its maximum efficiency.
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Conclusions

® A design methodology for a generic PA fed by a power EPS was proposed.
® As a proof of concept a class-A PA was designed, implemented and tested.

® The results reflect that the designed PA extracts the maximum available power of
the source with its maximum efficiency.

® For maximizing the power on the load in a system powered by Power EPSs, the
traditional approach based only the system efficiency is inadequate. Furthermore,
the designing of EPSs, Energy converters (i.e. PAs) and circuits that could take
advantage of the use of power specifications instead of predefined voltage or
current condition is a open challenge.

Implanted Power Supply
WPTn Implanted Dev:ice

=R
v Y

WPT interface
RF (e.g. Inductive

/'\/ link or

‘i Power EPS Antenna)

L=
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