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WBANSs for what? RF

Observation 1

The world population is growing fast, from 1950
to 2010 the population increased by around
4,390,405,000 individuals [1].
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WBANSs for what?

Laboratory

Observation 1

The world population is growing fast, from 1950
to 2010 the population increased by around
4,390,405,000 individuals [1].

Observation 2

The human life expectancy has increased too, in the
same period, the elderly population (60 years old or
older) augmented by about 410,647,596 individuals,
representing a change from 8% to 11.1% on the com-
position of the population [1]
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WBANSs for what?

Observation 1

The world population is growing fast, from 1950
to 2010 the population increased by around
4,390,405,000 individuals [1].

Observation 2

The human life expectancy has increased too, in the
same period, the elderly population (60 years old or
older) augmented by about 410,647,596 individuals,
representing a change from 8% to 11.1% on the com-
position of the population [1]

Observation 3

Millions of people develop chronic or fatal diseases
every year and around 80% of health-care system
spending is on chronic condition management [2].
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WBANSs for what?

- Future health systems need to change
Observation 1 the current medical care paradigms.
The world population is growing fast, from 1950 If the system DOES NOT Change, it

to 2010 the population increased by around will CO”a se.
4,390,405,000 individuals [1]. p

Observation 2

The human life expectancy has increased too, in the
same period, the elderly population (60 years old or
older) augmented by about 410,647,596 individuals,
representing a change from 8% to 11.1% on the com-
position of the population [1]

Observation 3

Millions of people develop chronic or fatal diseases
every year and around 80% of health-care system
spending is on chronic condition management [2].




WBANs means?

e In order to achieve health-care sys-
tems connected at person level, at

least a network which can be wear-
able, or implanted in the human body

is needed [3].

Fitness
Elderly
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WBANs means?

e In order to achieve health-care sys-

LASCAS 2016

tems connected at person level, at

least a network which can be wear-
able, or implanted in the human body

is needed [3].

Networking at human body level with-
out conscious intervention of the per-
son. WBANs are expected to cause
a dramatic shift in how people be-
have, in the same way the internet
did. However, technical and social
challenges must be faced before a
natural adoption [3].
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WPTn concept for _.-I
implanted device autonomy

A WBAN node transfers energy to implanted device and receives infor-
mation from it. In order to achieve energy autonomy, the WBAN node
harvests energy from the body environment (i.e. solar and thermal).
This energy is transferred through an inductive link (IL) to the passive
implanted device that answers with the biomedical data.

LASC

A

S 2016




WPTn system view

i f > Energy flow Inductive
® The IL uses the magnetic coupling be- Y ool Lk
tween two inductors. ignal Flow
11
W-WBAN _
Communication |« | :iro:;sal:ii <€ | [\)N_PT
Unit g rive
A

[PMLJ}

Energy Power Source
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WPTn system view

— .
® The IL uses the magnetic coupling be- ) E.nergyﬂow m
tween two inductors. — > Signal Flow
® The IL is expected to operate under weak
coupling, therefore the WPT drive load is W-WBAN
an inductive impedance with high Q value. c(,mmun.cat.oﬂ+ ["focessng [ WPT j
Unit signal Unit Drive

. PMU |

Energy Power Source
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WPTn system view

® The IL uses the magnetic coupling be-
tween two inductors.

® The IL is expected to operate under weak
coupling, therefore the WPT drive load is
an inductive impedance with high Q value.

® The energy power source (EPS) is com-
posed by the primary energy source (e.g.
solar or thermal) and the harvester (e.g.
photovoltaic cell or thermoelectric genera-
tor), and has a low power density.
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WPTn system view

— .
e The IL uses the magnetic coupling be- (g Eneray flow '"dLL.’CL"'e
tween two inductors. Slzallklow "
® The IL is expected to operate under weak
coupling, therefore the WPT drive load is W-WBAN i
an inductive impedance with high Q value. Communlcatloﬂ [:szjsj:gj [ [\)N A j
® The energy power source (EPS) is com- Unit e
posed by the primary energy source (e.g.
solar or thermal) and the harvester (e.g.
photovoltaic cell or thermoelectric genera-
tor), and has a low power density.
® Given this EPS constrains, the efficiency L PM U j
of the WTP system (WTP Drive and IL)
must be high in order to power the im-
planted node [4].
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WPT driver

® One common implementation of the WPT
driver (DC/RF converter) is an oscillator
that drives a switched PA [5, 6, 7, 8].
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WPT driver

® One common implementation of the WPT
driver (DC/RF converter) is an oscillator
that drives a switched PA [5, 6, 7, 8].

® |Integrating a switched PA in a CMOS
system-on-chip (SOC) is challenging,
mainly due to the low breakdown voltage
of CMOS devices and the low quality factor
(Q) of the integrated passive components.
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® One common implementation of the WPT
driver (DC/RF converter) is an oscillator
that drives a switched PA [5, 6, 7, 8].

® |ntegrating a switched PA in a CMOS
system-on-chip (SOC) is challenging,
mainly due to the low breakdown voltage
of CMOS devices and the low quality factor
(Q) of the integrated passive components.

® The published design methodologies for
nominal or optimum operation of the class-
E PA, that consider the switch breakdown
voltage (i.e. a limit of the maximum

switch voltage Vs,,) involves hard simula-
tion work [9] or numerical method solution
of non-linear equations [10].
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WPT driver

® One common implementation of the WPT
driver (DC/RF converter) is an oscillator an analytical désign set, it was
e dr|v.es a swﬂched PAIS, 6 el divided in specification gains and
® Integrating a switched PA in a CMOS circuit element gains as is illus-
system-on-chip (SOC) is challenging, trated in the figure.
mainly due to the low breakdown voltage
of CMOS devices and the low quality factor
(Q) of the integrated passive components. ST
® The published design methodologies for (¢=2) (D ) o
nominal or optimum operation of the class-

® In [11], the Vs, was included in

Circuit element gains

i 3 "**\(uiﬂ,q)‘(f”\ﬂ‘
E PA, that consider the switch breakdown e/ = " Yo /
voltage (i.e. a limit of the maximum (R Y
switch voltage Vs,,) involves hard simula- Criettop) it oupiry

tion work [9] or numerical method solution vorrey
of non-linear equations [10]. T
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WPT driver

All of these gains are analytic functions of the input variables,
therefore the design set can be implemented and calculated in
any math software for analyzing all the involved trade-offs.

Mapie 17

RL=4*1.8/2, D=0.5, Pout=120mW/2, F=990MHz

e T The Essential Tool for Mathematics and Modeling
RL=18, D=05, Vmax<sV, f=990w-lz
T 1
|
\ | | |
< \ RL=3.5"182, D=0.5, Pour=140mW.2, f=990MHz
S B \ x
i i =
i \ 7
= o /
i 3 S -
v 2
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]

This work presents the synthesis of an analytic relationship be-
tween the DC input voltage and the peak switch voltage on an
ideal class-E PA with finite dc-feed inductance, at zero voltage
and zero slope of the switch voltage operation.
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Class-E model [12] | _..I

(a) Ideal model (b) Model High Q

2P
ir(t) = Ipsin (wt + @) = 4 | %sin(zwft +9)
L
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Class-E model [12] II _..l

VCSHO,,(t) = isoﬂ'(t) = iCSHon(t) =0

. cc .
iLson(t) = Et — Ipsin (¢)

. V. , ,
is, (t) = ?C’jt + Ip (sin (wt + @) — sin(y))

t
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t

. Vee 1 )
iLspo (£) = Ls_Ht “Len / Vee, (T)dT — Ipsin ()

2nD
w

. UFSCmsoseron




Class-E model [12] 1II

Ve + G cos(qut) + Cosin(qut)
2
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Limits of the models _.-I

Observation 1

It is important to emphasize that the model expressions can be
calculated in terms of V¢, w, R, and Poyr only if p,q,» and D
are known, but in [12] was demonstrated that both ¢ and p could
be solved as a analytic function of both g and D.
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Limits of the models _.-I

Observation 1

It is important to emphasize that the model expressions can be
calculated in terms of V¢, w, R, and Poyr only if p,q,» and D
are known, but in [12] was demonstrated that both ¢ and p could
be solved as a analytic function of both g and D.

Observation 2

The model is valid when the control signals have 0 time transi-
tions at a frequency f (near to fy) and the series resonant circuit
Lo, Ce and R, has a high loaded quality factor.
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Class-E Maximum switch voltage E

Laboratx

The peak value of the switch voltage occurs when:

d
EVCSH(em = thax) =0;
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Class-E Maximum switch voltage I

The peak value of the switch voltage occurs when:

d
EVCSH(em = thax) =0;

Therefore 6, can be calculated by:

0 = cos (q0m) sin (27 q) cos (@) pg® — cos (27 q) sin (gfm) cos (¢) pg°
—sin (27 q) sin (g0m) sin (@) pq + cos (gfm) sin (27 q) g°
+ pgsin (0m + ) — cos (gOm) sin (27 q) + cos (27 q) sin (gb,,)
— cos (gfm) cos (27 q) sin (@) pg — cos (27 q) sin (g0m) g°
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Solving numerically the equation, the wt,.x value is calculated
in function of the parameter values g and D, using wt,ax the
peak value of the switch voltage value gain (Gy(q, D))

5 7 75
q D

() Gy Vs. q (d) Gv Vs. D

0.2 0.4 0.6 0.8 7

Peak voltage gain (Gy/) for the ideal class-E PA
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Curve fitting |

The gain was assumed as:

a
Gya(D,q) = i-Do

where, ais a constraint value that minimizes the involved error.The goal function (S) was
defined as: )
Ey
Sa) =Y —
P n

where, n is the number of samples of the numerical solution.The fitting error was defined
following the percentage least squares criteria as:

_ (Gva(ai, Dj) = Gv(ai, D))

Ey
Gy (qi, Dj)

n

28 UFSC.:



Curve fitting Il

LLr‘<
0.5
q oo D a
(a) Error 3D plot (b) SVs. a
= s '
: ST |||||||||||||||H
) 0.2 0.4 0.6 0.8 7 H c’7 T
(c) Ex Vs. D (d) Ex Vs. g

Least squares fitting and error for a=1.8551
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Curve fitting Il

For g > 1.65, the values of either input parameters or circuit elements

correspond to extreme values [13]. Hence considering 1.65 > g > 0.1,
and following a similar approach, the Gy, can be expressed as:

1.8208
1-D

GV(Da q) =

(19)

abs(E,g(%}

0.2 0.4 0.6 0.8

|
(@) E Vs. D (b) E Vs. g

Least squares error for a=1.8208

LASCAS 2016
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Curve fitting for fixed D H_J

In order to reduce the approximation error in the peak value prediction,
for a fixed duty cycle (D = D), the approximative expression may be
refined using a polynomial c(x) of degree n of the variable g that fits

the data, in the least squares sense.

The gain was assumed as:

c(q +caqg+---+cq”
GVa(Dxaq) = 1_([)) = 1—-D (20)

The optimum for n=2:

1.7613 + 0.0500q

Gva(Dy, q) = ) (21)
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Curve fitting for D=50%

50%

G, (V/V) for D
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In order to verify (19), (21) and the numerical solution (Num), a PA
was simulated following the specifications summarized in table, for
experimental setup a fixed value of Q; was used (Q, = 6).

. Y R
; DO MH) (V) % (9
0.8,1.412,1.65 50 10,24 2 100,10,6 22

The simulation setup uses the harmonic balance simulation technique
in the Advanced Design System (ADS®) software. Furthermore, the
transistor is represented as a voltage controlled switch model, with
ideal control signal (with O time transitions at a frequency f), an on
resistance of 1 mQ, and an open resistance of 100 GQ2. All the other
circuit elements are simulated as ideal components.

<9 IEEE



Simulated Setup
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Experimental Setup

Laboratory

The experimental results are taken from [13]

A discrete Class-E PAs were constructed with a transistor (MAX 2601), and discrete
passive components. Further, the transistor gate was driven by a square wave signal
from the signal source. The rise and fall time was chosen as 10 % of the period of the
square signal (10.24 MHz).

foow 200w Aues £2 S2SU eV e S 4720 ]
™\ = N /o 7
q=0 \ o / q=0.8
\ | Y
oow T eoce Aute 22 sy
N\ SN P ~
\ q=1.412 / 0\ /) 4=1.65
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Experimental and
Simulated Results

Sim. Sim. Sim. Meas.

q Parameter Theoric (QL=100) (QL=10) (QL=6) (QL6)
Pout (MW) 136.8 138.0 141.0 144.0 96.6
Ppc (mW) 136.8 138.0 141.0 1450 114.8

0.8 Drain 7 (%) 100.0 999 99.8 993 84.1
Gy (Num,Eq19,Eq21) (V/V) 3.59 3.64 3.60 3.60 3.72 381 3.35

Vs, (Num,Eq19,Eq21) (V) 717 728 7.21 720 7.44 7.62 6.70

Rpc () 29.2 29.0 283 27.7 348

Pout (MW) 247.9 249.0 252.0 255.0 171.1
Ppc (mW) 247.9 249.0 253.0 256.0 203.2

1.412 Drain n (%) 100.0 999 998 99.6 84.2
Gy (Num,Eq19,Eq21) (V/V) 3.65 3.64 3.66 3.66 3.72 3.77 3.33

Vs,, (Num,Eq19,Eq21) (V) 729 728 733 7.32 744 755 6.65

Rpc () 16.1 16.1 158 156 19.7
Pout (MW) 140.4 147.0 145.0 149 1035
Ppc (mW) 140.4 141.0 145.0 150 134.2

1.65 Drain 7 (%) 100.0 99.9 99.7 991 771

Gy (Num,Eq19,Eq21) (V/V) 3.69 3.64 3.69 3.70 3.83 3.93 345
Vs,, (Num,Eq19,Eq21) (V) 7.37 7.28 7.38 7.40 7.65 786 6.90
Rpc () 28.5 284 275 267 2938
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Modeling Error

Error Gy or Vs, q QL
(%) Num Eq19 Eq21 RDC 080 1.412165 100 10 6

Mean 598 6.40 6.10 952 446 4.10 436 0.51 2.95 9.42
Max 9.68 9.52 10.20 18.02 16.0618.027.36 1.55 4.83 18.02

® The predicted error involved in the expression analyzed (i.e. (19), (21) and Num
is less than 20% including simulated and experimental results.

LASCAS 2016
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Modeling Error

Error Gy or Vs, q QL
(%) Num Eq19 Eq21 RDC 080 1.412165 100 10 6

Mean 598 6.40 6.10 952 446 4.10 436 0.51 2.95 9.42
Max 9.68 9.52 10.20 18.02 16.0618.027.36 1.55 4.83 18.02

® The predicted error involved in the expression analyzed (i.e. (19), (21) and Num
is less than 20% including simulated and experimental results.

® The minimum error prediction of the Gy, is achieved using (19), because the un-
modeled dynamics (i.e. finite Q,) increase the error of the numerical solution, as
is clear from the increase of the error with a lower value of Q; .
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Modeling Error

Error Gy or Vs, q QL
(%) Num Eq19 Eq21 RDC 080 1.412165 100 10 6

Mean 598 6.40 6.10 952 446 4.10 436 0.51 2.95 9.42
Max 9.68 9.52 10.20 18.02 16.0618.027.36 1.55 4.83 18.02

® The predicted error involved in the expression analyzed (i.e. (19), (21) and Num
is less than 20% including simulated and experimental results.

® The minimum error prediction of the Gy, is achieved using (19), because the un-
modeled dynamics (i.e. finite Q,) increase the error of the numerical solution, as
is clear from the increase of the error with a lower value of Q; .

Conclusion
The equation (19) is a simple appropriate expression for modeling Gy .
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Conclusions |

e An analytical expression of the gain between the DC input voltage
and the peak switch voltage on a ideal class-E power amplifier

(PA) for a finite dc-feed inductance and ZVS and DZVS operation
was presented.

ExscAczoTcHN
<9 IEEER=V-C
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e An analytical expression of the gain between the DC input voltage
and the peak switch voltage on a ideal class-E power amplifier
(PA) for a finite dc-feed inductance and ZVS and DZVS operation
was presented.

e This expression was verified by the simulations, and was evalu-
ated by experimental results (i.e at f = 10.24 MHz), with good
agreement between the results and the predicted values.
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e An analytical expression of the gain between the DC input voltage
and the peak switch voltage on a ideal class-E power amplifier
(PA) for a finite dc-feed inductance and ZVS and DZVS operation
was presented.

e This expression was verified by the simulations, and was evalu-
ated by experimental results (i.e at f = 10.24 MHz), with good
agreement between the results and the predicted values.

e Considering the simulated and experimental results the maximum
predicted error was 10,2%.
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