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Optimizing Volumetric Efficiency and Backscatter
Communication in Biosensing Ultrasonic Implants

Mohammad Meraj Ghanbari

Abstract—Ultrasonic backscatter communication has gained
popularity in recent years with the advent of deep-tissue sub-mm
scale biosensing implants in which piezoceramic (piezo) resonators
are used as acoustic antennas. Miniaturization is a key design
goal for such implants to reduce tissue displacement and enable
minimally invasive implantation techniques. Here, we provide a
systematic design approach for the implant piezo geometry and
operation frequency to minimize the overall volume of the implant.
Optimal geometry of the implant piezo for backscatter communi-
cation is discussed and contrasted with that of power harvesting. A
critical design aspect of an ultrasonic backscatter communication
link is the response of the piezo acoustic reflection coefficient I"
with respect to the variable shunt impedance, Z g, of the implant
uplink modulator. Due to the complexity of the piezo governing
equations and multi-domain, electro-acoustical nature of the piezo,
T'(Zg) has often been characterized numerically and the implant
uplink modulator has been designed empirically resulting in sub-
optimal performance in terms of data rate and linearity. Here, we
present a SPICE friendly end-to-end equivalent circuit model of the
channel as a piezo-IC co-simulation tool that incorporates inherent
path losses present in a typical ultrasonic backscatter channel.
To provide further insight into the channel response, we present
experimentally validated closed form expressions for I'(Z ¢ ) under
various boundary conditions. These expressions couple I' to the
commonly used Thevenin equivalent circuit model of the piezo, fa-
cilitating systematic design and synthesis of ultrasonic backscatter
uplink modulators.

Index Terms—Backscatter, circuit model, echo modulation,
implant, modulator, piezoelectric, ultrasound, wireless.

1. INTRODUCTION

GROWING number of ultrasonic mm-scale implants have
A recently been proposed for interacting with deeply-seated
human nerves [1]-[4] and monitoring a wide range of physio-
logical signals, such as pressure [5], temperature [6], [7], blood
oxygen saturation [8], gastric waves [9] and tissue impedance
[10] from deep anatomical regions. Reported implant volumes
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Fig. 1. Single-piezo ultrasonic biosensing implant with backscatter uplink
modulator.

as small as 0.065 mm? [7], in vitro wireless operation ranges
of up to 12 mm [5] and fully untethered in vivo implantation in
live rodents [3] demonstrate the potential of miniaturized ultra-
sonically powered implants as a viable solution for deep-tissue
therapy and biosensing.

The basic components of an ultrasonic implant, conceptually
shown in Fig. 1, are a piezoceramic resonator (or piezo) and
an integrated circuit (IC). The implant piezo functions as an
acoustic antenna enabling the implant to harvest energy from ul-
trasound waves launched by a distant external transducer (inter-
rogator). The power management unit (PMU) of the implant IC
conditions the harvested energy for signal acquisition and data
back telemetry. The acquired signal is wirelessly transmitted to
the external transducer by the uplink modulator of the IC. For
implantable devices, to reduce tissue displacement and enable
minimally invasive non-surgical implantation techniques, e.g.
injection, the overall implant volume should be kept small, e.g.
sub-mm?. Given that the volume of the implant is dominated
by the piezo, the majority of the aforementioned prior art use
a single-piezo implant assembly where data uplink is realized
by modulating the amplitude of the ultrasound echo reflected
from the implant piezo (backscattering). For ultra-low power
biosensing ICs, backscatter communication obviates the need
for external capacitors or a secondary piezo and consequently
results in the smallest possible implant form factor [2], [7].
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The focus of this work is twofold. Using the concept of
piezo volumetric efficiency, we first present a systematic design
approach to minimize the overall volume of the implant provided
the power consumption and the equivalent input resistance of
the IC are known. We then perform a thorough characterization
of the ultrasonic backscatter communication channel to help
advance state-of-the-art uplink backscatter modulators in terms
of data rate and linearity. The uplink backscatter modulator in
Fig. 1 inits simplest representation is a variable shunt impedance
Zp, connected across the piezo terminals that modulates the
acoustic reflection coefficient of the piezo I'. Resistive [11],
capacitive [12] and FET [1], [7] shunt modulating networks have
been previously explored. Due to lack of a tool for piezo-IC
co-simulation or any known analytical relationship between I'
and the uplink modulating impedance Zp, previous implemen-
tations of digital backscatter modulators have been limited to
the most basic type of digital modulation (on-off keying, OOK)
[71, [8], and previously reported analog backscatter modulators
have been designed empirically and suffered from significant
nonlinearity [1], [6]. We therefore pay special attention to the
characterization of I'(Z ) and provide an end-to-end equivalent
circuit model of the channel for piezo-IC co-simulation in a
common CAD tool. Moreover, we further expand the analysis
presented recently in [13] and provide universal closed-form ex-
pressions for I'(Zg) toinclude: 1) I'’s dependence on Z at both
the series and parallel resonant frequencies 2) the effect of low-Q
mechanically damped piezo, and 3) the effect of air-backing.
We briefly discuss how one can leverage the derived analytical
closed form expressions to improve the linearity of an analog
backscatter modulator or implement amplitude shift keying dig-
ital modulation to enhance the data rate of a digital backscatter
modulator relative to the commonly used OOK modulation.
The derived expressions require only a single parameter, piezo
internal impedance, that can easily be measured or accurately
simulated prior to any piezo-circuit codesign. The results (I" vs.
Z ) predicted by the derived expressions are shown to be in good
agreement with those obtained by the finite element method
(FEM) simulation and experiments, validating their accuracy.

The manuscript is organized as follows: optimal geometrical
design of the implant piezo is discussed in Section II from
power harvesting perspectives. In Section III, an overview of the
backscatter protocol is presented, and various channel path loss
components are discussed and evaluated. An end-to-end SPICE
friendly equivalent circuit model of the channel used to numer-
ically solve for I'(Z) is presented in Section IV. Closed-form
expressions for I'(Zg) under various boundary conditions are
introduced in Section V. Section VI discusses optimal geomet-
rical design of the impant piezo for backscatter communication.
Experimental verification of the derived expressions is presented
in Section VII, and Section VIII concludes the paper.

II. IMPLANT PIEZO MINIATURIZATION

The geometry of the implant piezo is a critical design param-
eter since it determines the volume of the implant, the operating
frequency, and the harvested power made available to the implant
IC. Design variables are the thickness (T) and aspect ratio (AR)
of the piezo. We define AR as the ratio of the piezo width
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to its thickness as illustrated in Fig. 2(a). In this section, we
discuss different characteristics of the implant piezo from power
harvesting and delivery perspectives and provide a systematic
design approach for the implant piezo geometry and operation
frequency with the objective of piezo miniaturization.

Mechanical resonant modes of bulk piezos with moderate
aspect ratios suitable for implants can be classified to width
expander (WE) and longitudinal expander (LE) for respectively
large (>1) and small (< 1) aspect ratios (ARs). In each mode, the
piezo mechanically resonates along its major dimension, width
or thickness respectively. Although, piezoelectric constitutive
equations exist for the two resonant modes that can be used
for analysis [14], for this study, we used a parametric FEM
simulation (using COMSOL Multiphysics) because the two
resonant modes are strongly coupled for AR ~ 1 and are not
well-described by a single set of equations. We used a 2D
axisymmetric model of the piezo with a surface area equivalent
to that of a cuboid shown in Fig. 2(a). A common piezo material
(lead zirconated titanite, PZT-5H, with a mechanical quality
factor of 50 and a dielectric loss tangent of 0.02) was used,
while the model included a tissue phantom with the specific
acoustic impedance of 1.5 MRayls surrounding the implant
piezo. The model was encapsulated with a perfectly matched
layer, while frequency domain analyses were used for simulating
the impedance and harvested power.

The link operating frequency is often chosen to be the resonant
frequency of the implant piezo because: (1) at resonance the
piezo has the highest electromechanical transduction efficiency
and exhibits aresistive internal impedance. Therefore, maximum
power delivery to the IC can be obtained without impedance
matching networks; (2) more importantly, as demonstrated in
Section VII, the implant uplink modulator has the maximum
backscatter modulation strength at the piezo resonant frequen-
cies. Figs. 2(b) and (c) show the simulated series, f5, and parallel
resonant frequencies, f,, of the piezo for thicknesses ranging
from 100 pum to 1000 pm and aspect ratios ranging from 1/4
to 4. AR<1/4 is impractical due to mechanical fragility and
therefore ignored in this study.

At resonance, the piezo can be modeled by its Thevenin
equivalent circuit, shown in Fig. 2(a). It can be shown that in
general Ry, is a function of AR and V1, is linearly proportional
to the piezo thickness as simulated and shown in Figs. 2(d) and
(e). The simulated V7, in Fig. 2(e) was found by applying an
incident (background) pressure field of p; = 147 kPa (equivalent
to the regulated pressure intensity of 720 mW/cm? in tissue [ 15]),
and recording the open-circuit voltage of the implant piezo for
all the geometries. The impedance of the piezo was simulated
in absence of the background field using a test voltage source
connected across the piezo terminals. The simulated V7, and
R, were used to calculate the available power, P,, by the
piezo for all the possible geometrical configurations (T and AR).
Because the implant piezo is non-planar, volumetric efficiency
(P, per unit volume) is used as a figure of merit when comparing
different configurations, as shown in Fig. 2(f).

The simulated volumetric efficiency shown in Fig. 2(f) is
grouped based on the aspect ratio and the type of the resonant
frequency. It is observed for a fixed AR, the piezo thickness
can be used as a proxy to trade P, with the volume of the
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Fig.2. (a) Implant piezo geometry and its Thevenin equivalent circuit at resonance. Finite Element Simulation (FEM) results of the (b) series resonant frequency,
(c) parallel resonant frequency, (d) resistance and (e) open circuit voltage with an incident pressure intensity of 720 mW/cm? for various piezo thicknesses and
aspect ratios. (f) Simulated Vrp and Rpp values in (d) and (e) were used to calculate the available power per unit volume of the implant piezo (volumetric
efficiency) at f, and f,. (g) Relative available power at f, and f;, and its correlation with piezo resonant modes: Longitudinal Expander (LE) and Width Expander
(WE) resonant modes determined using the effective electromechanical coupling factor of the piezo, keg. (h) A design example when operating at fs with a
relatively small impedance mismatch results in a smaller piezo volume compared to operating at f,, with a perfect piezo-load impedance matching. (i) A design
example when operating at f, with a relatively large impedance mismatch results in a larger piezo volume compared to operating at f;, with a perfect piezo-load

impedance matching. Note: In all plots, each aspect ratio is shown using a unique marker (e.g., A for AR = 1/2).

piezo. But because the slope of the curves in Fig. 2(f) is only
6.6 dB/decade, trading P, with the piezo volume degrades the
volumetric efficiency of the piezo. Instead of thickness, the
aspect ratio of the piezo can be used to improve the volumetric
efficiency. At f,, decreasing the aspect ratio asymptotically
improves the volumetric efficiency as shown in Fig. 2(f). A
similar but opposite trend is found at f,,, that is increasing the
AR enhances the volumetric efficiency.

The final parameter for improving the volumetric efficiency
is the type of the resonant frequency. As shown in Fig. 2(f), a
piezo operating at f; generally provides a larger P, per unit
volume compared to f,. This discrepancy in P, is more evident
for smaller aspect ratios as demonstrated in Fig. 2(g) and can
be explained as follows. The piezo converts acoustical energy
carried by pressure waves to electrical energy. The input acous-
tical energy to the piezo is maximum when the pressures exerted
on the opposite sides of the piezo are in phase, i.e. out-of-phase
pressures result in a net force acting on the piezo body without
creating any internal stress/strain. The phase shift of the incident
acoustic wave measured across the front and back faces of an
implanted piezo in tissue is given by 6 = 27 fT /y;ssue, Where
f is the wave frequency and vy;ssye i the propagation speed of
sound in tissue (for most tissue types is ~1500 m/s [16]). Reso-
nant frequencies of an LE-resonating piezo are f), = Upjez0/2T
and fy = fp/1— kgﬁ [14], where vpeo is the speed of sound
in the piezo material (~ 4500 m/s for PZT-5H) and k.g is the
effective electromechanical coupling factor of the piezo that

is ~0.7 as shown in Fig. 2(g). Therefore, 0p4rq11e1 ~ 37, but
Oseries ~ 2w for small ARs. That is, small aspect ratios increase
keg and decrease e, ultimately resulting in an enhanced
net pressure applied across the piezo terminals. The elevated
net pressure results in a larger acoustical energy input to the
piezo at f, and therefore larger available electrical power from
the piezo. Thus, the minimum piezo volume can be achieved
when operating at fs and as long as Ryy, is scaled (using AR,
see Fig. 2(d)) to match the load impedance, R;. According
to Fig. 2(d), however, Ry, at fs has a finite range, meaning
that for large R; values (>5 k€2 in Fig. 2(d)), impedance
matching cannot be achieved at f. Therefore, for Ry > 5 k{2,
two possible designs exist: (I) operation at f,, with matched
piezo-load impedances (Rr = Rty p), and (II) operation at
fs without impedance matching (R, # Rrp,s). The general
equation describing the relationship between the piezo available
power, P,, required power delivered to the load, Py, the piezo
and load impedances R7p and Ry, is given by

Rry, Ren\
Pr=4P,— [ 1+ — .
L Ry < + RL>

Using (1) and known Rj, the two previously described de-
signs can be compared. Two design examples are to follow to
demonstrate the process. At f, the piezo with an aspect ratio of
1/4 has the highest volumetric efficiency and the largest Ry s
compared to other configurations, making it the best geometry
for power delivery to large R, values. Therefore, only AR of 1/4

ey
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for design II needs to be considered for the comparison. Now
lets compare the two designs when Ry, = 16 k2 (for moderately
high power consumption ICs). A piezo with an aspect ratio of
1 at f, has Rpy , of 16 kQ, Fig. 2(d). Therefore, according
to (1), P;, = P, ), for this design. The series resonating piezo
with AR of 1/4 has Ry, s of 5k, so P, = 0.72P, ;, meaning
that for this configuration only 72% of the available power
is delivered to Ry, = 16 k€2 due to the piezo-load impedance
mismatch. Therefore, the available power curves in Fig. 2(f) for
the two designs are respectively scaled by 1 and 0.72 for arbitrary
Pr, as shown in Fig. 2(h) for comparison. It can be observed
from Fig. 2(h) that for Ry, = 16 k) operation at f; (without
impedance matching) results in a 4.7x smaller piezo volume
compared to operation under maximum power transfer condition
at f,,. As another example for ultra-low-power ICs, consider the
case where Ry, = 800 k2. For this load, impedance matching
and therefore P, = P, , can be obtained at f;, by choosing AR
of 1/4, Fig. 2(d). Conversely, the series resonating piezo with
AR of 1/4 has Rpp, s = 5 k€, resulting in P, = 0.025F, ,
meaning that for this configuration only 2.5% of the available
power is delivered to Ry = 800 k(2. Therefore, the available
power curves in Fig. 2(f) for the two designs are respectively
scaled by 1 and 0.025 for arbitrary P, as shown in Fig. 2(i)
for comparison. Unlike the previous example, operation at f
is found to require 2x larger piezo volume to deliver the same
amount of power to the load compared to operation at f,,.

In summary, the design approach that results in the minimum
implant piezo volume is as follows. For a given R, and Pp,
the aspect ratio of the implant piezo is designed to obtain
Rrp,s = Ry, at f,. Using Fig. 2(f) and known P7, and AR, the
minimum volume of the implant piezo is found and the design
is complete. If Rz ¢ = Ry, cannot be achieved at fs (due to
prohibitively small AR), two cases are considered: (I) operation
at f, with matched piezo-load impedances, and (II) operation
at f, without impedance matching. For each case, the required
available power by the piezo, P,, to deliver Py, to the load is
found using (1). For P, calculation, Rt} ;, = Ry, (achieved by
proper choice of aspect ratio at f,,) for case (I), and the largest
possible Ry, s (smallest possible aspect ratio) is used for case
(II). Using calculated P, and known AR, Fig. 2(f) is used to
obtain the piezo volume for case (I) and (I), respectively. Finally,
the obtained piezo volumes are compared, and the smaller one
is chosen to complete the design.

III. ULTRASOUND BACKSCATTER COMMUNICATION

In a backscatter communication protocol, an interrogation
event begins with the interrogator launching a wavelet (denoted
as Pr; in Fig. 3) towards the implant. While propagating, Pr, is
attenuated and spread out such that only a fraction of its power,
P;, impinges the front face of the implant piezo. The forward
path loss (L) is used to formally quantify P;/Pr,. Due to the
finite propagation speed of sound in the medium, P; arrives at
the location of the implant after a single time of flight (ToF). At
this time, P; branches into three components: Pg, P, and P, :
Pr is the harvested electric power available at the electrical
terminals of the implant piezo, P, is the reflected acoustic power
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Fig.3. (a)Typical backscatter communication channel, and (b) timing diagram
of each interrogation event.

and P, is the power of the wave passing by the implant
piezo. The implant IC modulates the piezo acoustic reflection
coefficient by adjusting Zp to encode data for back telemetry,
thatis P, = I'(Zg) P;. It takes another ToF for the wave front of
the reflected pressure field P, to arrive at the location of the ex-
ternal transducer. P, also experiences attenuation and spreading
determined by the backward propagation path loss (Ly). Similar
to Ly, Ly is characterized by Pg, /P.. Finally, the external
transducer converts the received pressure field power Pg, into
electrical voltage to allow for signal conditioning, demodulation
and data postprocessing. Because the same external transducer
is used for receiving the backscattered field, the duration of the
Pr, wavelet should not exceed the roundtrip travel time (2x
ToF) as shown in the protocol timing diagram in Fig. 3(b).

The complete analysis and end-to-end simulation of the
backscatter communication channel described above is chal-
lenging mainly for its transient multi-domain electro-acoustical
nature. Modeling acoustical systems with equivalent electrical
elements is a well-established method for simplifying the analy-
sis [1], [17]-[19]. In this section, we characterize the round-trip
channel path loss using a FEM solver. The results obtained from
this FEM study are then incorporated into an equivalent circuit
model in the next section to simulate the channel response. The
roundtrip path loss of the backscatter channel shown in Fig. 3 is
given by

_PRm
_PTa:

Ly =Ly -I'(Zg) - Ly. 2)
In (2), I'(Zg) is the backscatter modulating component which
will be thoroughly dealt with in the following sections. L and
Ly, are the forward and backward path losses which are 0 dB for
a lossless channel. The backscatter channel shown in Fig. 3, has
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two contributing loss mechanisms in each direction; attenuation
and spreading:

Ly=1Lja-Lys
Ly =1Ly, Lys.

3)
“

In (3) and (4), Lyq ~ Lyq = €2 is the attenuation due to
thermal loss of vibrating particles in a viscous propagation
medium, where o = a - f b is the attenuation constant for which
a and b are found empirically for the medium of interest, e.g.
a = 2.2 dB/cm.MHz, and b = 0.8 for muscle tissue [20]. The
spreading loss Ly , is due to the suboptimal radiation pattern of
the transmitted field Pr, and the small aperture of the implant
piezo. Ideally, all of the transmitted power Pr, is focused on
the aperture of the implant piezo and Ly ; is 0 dB. But, Ly
degrades when the implant piezo becomes small relative to the
dimensions of the foci. Similarly, because the radiation pattern
of the backscattered field P, is approximately spherical, and the
aperture of the external transducer is finite, only a fraction of
the backscattered power is received by the external transducer
resulting in backscattered spreading loss L ;. To quantify the
channel path loss, we used a parametric FEM simulation using
COMSOL Multiphysics. For the implant piezo with thicknesses
ranging from 200 pmto 1000 pm, we simultaneously solved for
the optimal aperture of the external transducer and its associated
optimal link path loss for a sample depth of 20 mm.

A frequency-domain 2D axisymmetric simulation with a
setup shown in Fig. 4(a) was used for this study. For quan-
tifying Ly(= P;/Prs), Pr, was simulated by assigning a
reference pressure boundary condition to the aperture of the
external transducer (Ap,). The frequency of the operation was

set to the resonant frequency of the implant piezo for each
configuration, Fig. 2(b). Pr, and P; were calculated by
integrating the simulated pressure intensity over the cross-
sectional area of the external transducer and the implant A7, g
and A;piant, respectively, as shown in Fig. 4(a). Here, A7, g
extends beyond the actual aperture of the external transducer
by 100% to account for the entire transmitted power including
the side lobes. For each implant piezo thickness, the radius
of the external transducer was changed from 0.5 mm to 6
mm and the forward path loss Ly was calculated, shown in
Fig. 4(b). It can be observed that for each implant piezo size
there exists an optimal transducer radius that results in the
minimum forward path loss. A similar parametric simulation
was performed to characterize Ly(= Pg,/P,). That is, a pres-
sure boundary condition was assigned to A;p,piant, and P,
and Ppr, were calculated by integrating the simulated pressure
intensity over A;piant, z and Ar,, respectively. The integration
cross-sectional area for computing P, is extended beyond the
actual aperture of the implant, A;,piant, by 100% to account
for the entire reflected wave power from the implant. Simulated
Ly, for each implant piezo size and for various apertures of the
external transducer are shown in Fig. 4(c). Using simulated
Ly and Ly, the roundtrip path loss Ly - L; was calculated,
Fig. 4(d). Comparing Fig. 4(b) and (d), it can be observed that
the backward path loss contribution to the roundtrip path loss has
moved the optimal radius of the external transducer to slightly
larger values. Finally, the roundtrip path loss for a given implant
piezo size is shown in Fig. 4(e). The relative contribution of the
spreading and attenuation components of the path loss is also
shown in Fig. 4(e). Across all implant piezo thicknesses (and
consequently operating frequencies) the spreading component
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of the path loss is between 5 to 23 dB larger than the attenuation
component. We use the FEM simulated results shown in Fig. 4(e)
in the next section to incorporate the effect of path loss in the
equivalent circuit model of the channel.

IV. CHANNEL EQUIVALENT CIRCUIT MODEL

In this section, we use an equivalent circuit model, shown
in Fig. 5(a), to simulate the backscatter response of the chan-
nel in a common CAD tool. As discussed in Section II, low
AR piezos resonating in the longitudinal expander (LE) mode
provide higher volumetric efficiency for the implants. Due to
their high ARs, the piezo elements of the external transducers
are usually excited at the thickness extensional (TE) mode to
create a directional field towards the target implant [21]. Both
LE and TE modes can be represented by the same equivalent
circuit model as long as the right material constants are used.
Here, we use the Redwood [22] equivalent circuit model for the
two piezo elements of the channel, because unlike the Mason
[23] or KLLM [24], the Redwood model is SPICE friendly. In
particular, KLM has a frequency dependent transformer turn
ratio that cannot be easily simulated in SPICE. Similarly, Mason
requires impedances with unconventional nonlinear frequency
dependence that is challenging to implement in common simu-
lation tools. Other derivations of the original Redwood model,
such as Leach [25], can equivalently be used in the following
analysis as well.

The LE and TE piezoelectric constitutive equations can be
collapsed into a set of linear equations as follows [21]

Fi U1 m n p| |v1
| =Pl =|n m p| |vs (®)]
V3 I3 p p r| |3
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TABLE I
LIST OF PIEZOELECTRIC TYPICAL PARAMETERS

Parameter Unit Value  Description

p kg.m™? 7500 Piezo density

e nF.m™! 30 Dielectric constant, free

653 nF.m™! 13 Dielectric constant, clamped

sk pm? N1 20.7  Short-circuit elastic compliance

s2, pm?N-t 9 Open-circuit elastic compliance

€33 Cm™? 23.3  Piezo coupling constant

% GPa 117 Short-circuit elastic stiffness

33 V..N"! 0.02  Piezo voltage constant

k33 0.75  Longitudinal coupling factor

ki 0.5 Thickness coupling factor

Wimp mm 0.4 Implant piezo width

Timp mm 0.8 Implant piezo thickness

Co=W2,,eh(1 = k3)/Timy  PF 2.6 Implant piezo capacitance

Vimp = ( /)s_%)’]/2 m.s~! 3851 Implant piezo wave velocity

70 = Timp/Vimp ns 208 Implant piezo electrical length

Nimp = gggengW,Z,”p/ S%T,,,w - 0.0057 TImplant Redwood turn ratio

Zo = pz,y,,,pI/VEW Pa.s.am 4.62  Implant radiation impedance

Weat mm 0.78  Ext. piezo width

Towt mm 1.17  Ext. piezo thickness

Coent = V[/’ﬁ,y.,é% /Tt pF 688 Ext. piezo capacitance

Vert = (B + €35/€53)/ ,0)’1/2 m.s~! 4600  Ext. piezo wave velocity

t = ToatVeat ns 254 Ext. piezo electrical length

Nept = c;;gl/Vf,., [Tt - 1.23  Ext. Redwood turn ratio

Zeont = /)'l,vt,‘,‘,W/'ff, Pa.s.am 2130 Ext. piezo radiation impedance

pr ke.m™? 1000 Tissue density

vy m.s~! 1500 Tissue wave velocity

d mm 20 Implant-interrogator distance

Zof = psus MRayl 1.5 Tissue specific acoustic impedance

zp = Zog /Wiy TPa.s.m™* 9.37  Tissue characteristic impedance

T =d/vs us 13.3  Time of flight

ay dB/m 825 Tissue attenuation constant @Qd
Fy TG e G | |
B = jsiﬁ(cﬁl) jtaifﬁl) jaivco b2 (6)
Vs yren 7o jecd L

relating the electrical and the two acoustical ports of a bulk piezo,
resonating primarily along its major dimension. In (5) and (6),
F and v are respectively force and wave particle velocity at
the two acoustical ports of the piezo, while V' and I are the
voltage and current at its electrical port. The description of the
other parameters used in (6) for the external and implant piezo
elements in Fig. 5(a) and their typical values used in this study are
listed in Table I. The Redwood model directly implements (6).
The acoustical ports 1 and 2 are expressed in terms of force (/)
and particle velocity (v), and therefore characteristic impedance
of the transmission line (Z¢ and Z¢ ¢y¢) in the model is the
radiation acoustic impedance of the piezo, e.8. Z¢ ot = ZoAcat
where Z is the specific acoustic impedance of the piezo ma-
terial, and A, is its cross-section area. The electrical length
of the transmission line in the model (7¢ and 7¢ ¢,:) is simply
set by the physical thickness of the piezo divided by the wave
propagation speed in the piezo (see Table I). All the parameters of
the Redwood circuit model (C'y, Z¢, 7 and V) can be calculated
once the piezo material, geometry and type of resonance mode
are known. The second acoustical port of each piezo element in
Fig. 5(a) is terminated by the radiation acoustic impedance of

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on January 29,2021 at 23:02:22 UTC from IEEE Xplore. Restrictions apply.



GHANBARI AND MULLER: OPTIMIZING VOLUMETRIC EFFICIENCY AND BACKSCATTER COMMUNICATION

1387

ZcsTc Vy

Implant Backing Resonance r model prediction
Z T 141
b) /B Zy=27p series PR Ve
(b) Zp+ Zyy T 7
Ak ‘ © Zy=2 Tlel _ e Ty
. = aralle
Implant " ©) ([ BT F P Zp+ Zpy,, 2 ZTh,; N Zg
i Z
N — ) | 7 %0 ) Zg— Ly T[4
: : AR, ~ —_—
F.=TF, i Zrnp = Zg | T[4
Equivalent Model (e) Zp 0 parallel Lyt Zg ZoN Zg
P -

()

Fig. 6.

Proposed piezo electro-acoustical model (a) coupling the Thevenin equivalent circuit model of the piezo to its acoustic reflection coefficient. Expressions

for reflection coefficient at parallel and series resonant frequencies for two common backing boundary conditions are listed in (b)-(e).

the backing layer (Zp and Zp c,¢). Two transformers M, and
M3 are used at the front face of the piezo elements (acoustical
port 1) to properly scale F' and v by the cross-section area of
each piezo (A) and change variables to respectively pressure
p = F'/A and volume velocity u = vA.

A quarter-wavelength matching layer is used at the front
(emitting) acoustical terminal of the external transducer to
acoustically match the impedance of the external transducer
Z ¢ ext 10 that of tissue z¢. The characteristic impedance of the
matching layer is the geometric mean of the impedances seen to
the left and right of the matching layer. A composite of multiple
matching layers can also be used to improve the impedance
matching bandwidth or in cases where a single matching layer
is not feasible (due to unavailability of a material for the required
Zm) [21]. The propagating medium is modeled by a transmission
line with the characteristic impedance of zy and electrical length
of 7 f-

In Fig. 5(a), transformer M is used to model a perfect
lossless focusing of the beam on the implant aperture. The total
FEM simulated roundtrip path loss for an implant piezo with
a thickness of 800 um is —33 dB at the distance of 20 mm
with roughly equal forward and backward loss contributions
of —18 and —15 dB, respectively. To account for this path
loss, the transmission line modeling the propagation medium
is assumed to be lossy with a mean attenuation constant of
ay = 825 dB/m. We used Cadence Virtuoso to simulate the
response of the channel. In this simulation, the external trans-
ducer was first driven by 10 cycles of a square wave, and then
is immediately short circuited to discharge any residual charge
across its terminals. Then, the interrogator is switched to the
receive mode to capture the backscattered voltage. A sample
transient received backscattered voltage for Zg of 100 2 and
800 k€2 is shown in Fig. 5(c) when the operation frequency
is tuned to the series resonant frequency of the implant piezo.
The implant has no backing layer in this setup. The associated
rms voltage of the received echoes for various Zg values at the
series and parallel resonant frequencies of the implant piezo are
shown in Figs. 5(d) and (e). It can be observed that the received
backscattered signal is a monotonic but nonlinear function of
Z . Moreover, it behaves differently at the series (increasing

function of Zg) and parallel resonant frequencies (decreasing
function of Zg).

The end-to-end equivalent circuit model of the channel de-
scribed above is useful not only for the transient analyses but
also for noise analyses and evaluating the response of the channel
when a custom active backscatter modulator is used [13]. This
circuit, however, lacks simplicity and therefore is not as helpful
in the design and synthesis of novel backscatter modulators. In
the next section, we present simple analytically derived expres-
sions for I'(Z ) that provide insight into critical design aspects
of the backscatter modulator.

V. SIMPLIFIED IMPLANT PIEZO MODEL

The Redwood equivalent circuit model of the implant piezo is
redrawn in Fig. 6(a)(top). Finding a closed-form relationship be-
tween the reflection coefficient evaluated at the front acoustical
terminal of the piezo I' and Zg is of interest.

[26] formulated the relationship between Zp and I" for a
resonant piezo and numerically solved for T'(Zg). We re-
cently expanded the analysis in [26] and analytically derived
a closed-form expression for I' in terms of Zp [13] for a
high-Q piezo operating at its series resonant frequency. Low-Q
piezo materials, however, provide a higher fractional bandwidth
but have a complex impedance at resonance and therefore the
expression derived in [13] needs to be revisited. Similar to the
series resonant frequency, characterization of 1" at the parallel
resonant frequency of the piezo is also of interest as described
in Section II. Air is sometimes used as a backing layer of the
implant piezo [27] to reduce mechanical losses and enhance the
electro-acoustical efficiency of the implant piezo in exchange for
a more complex implant assembly and larger implant volume.
Therefore, here we provide closed-form expressions for I'(Zg)
to include: 1) I"’s dependence on Zg at both the series and
parallel resonant frequencies 2) the effect of low-Q mechanically
damped piezo, and 3) the effect of air-backing.

By definition, the series and parallel resonant frequencies
of a piezo are found for an acoustically unloaded piezo, i.e.
Zp = Zp = 0, at which the electrical impedance of the piezo is
purely resistive. Therefore, at these two frequencies, the complex
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Fig. 7. (a) Non-idealities that degrade AI'\j,x. FEM simulation results show (b) decreasing the piezo AR initially enhances AI'\.x as the piezo resonance

mode changes from width expander (WE) to longitudinal expander (LE), but for AR < 1, AI'\jax starts dropping due to diffraction. The simulated fractional
bandwidth of the piezo follows a similar pattern. (c) Simulated available power and backscatter bandwidth for a piezo with an AR of unity.

equivalent electro-acoustical circuit models of the piezo (Mason
[23], KLM [24] and Redwood [22]) can be reduced to the piezo
Thevenin Equivalent circuit model, using an open-circuit AC
voltage source and the piezo internal impedance at the respective
resonant frequency. Such a Thevenin equivalent circuit model is
very helpful and intuitive due to its simplicity but fails to address
the existing coupling between the electrical and acoustical ports
of the piezo and ultimately the relationship between Z and I'.
Mlustrated in Fig. 6(a)(bottom) is the proposed equivalent circuit
model of the piezo that fills the electro-acoustical coupling gap
of the Thevenin Equivalent circuit model. The proposed model
includes a force source and replaces the internal resistance of the
piezo with a complex impedance. The force source explicitly
generates the reflected acoustic wave (echo) flowing through
Zp, i.e. propagating towards the interrogator. F; is the force
generated by the incident pressure field at the acoustic terminal
of the piezo, and I' is the Zp-dependent reflection coefficient.
Similar to electromagnetic waves, the acoustic reflection coef-
ficient at port 1 of the implant piezo shown in Fig. 6(a)(top) is
given by

2 —Zp

Fr=——77",
Z1+Zfp

(N

where Z; is the acoustical impedance seen into port 1 when port
2 and 3 are respectively terminated by Z g and Z g which is given
by

7 — p?(2n —2m — Zg) + (Zg +7r)(m? —n? +mZp)
L (Zp +r)(m+ Zp) ~ 1 |
(3)

Dummy parameters m, n, p and r in (8) are defined in (5)—(6).
By substituting (8) in (7), I'(Zg) can be found. It is shown in
the Appendix that at the series and parallel resonant frequencies,
I'(Zg) can be approximated by

Vs ZE
N~ =————, 9)
Vi Zrws +ZE
Z
Il 23 Thp (10)

Von Zrhp+ Zg’

when Zp = Zp, and by

ZE — ZTh.s
Ty i v T8 (11)
’ ZE+ Zrh,s
7 -7
Ty air ~ otk 28 (12)
’ Zrhyp + ZE

for an air-backed implant piezo, i.e. Zp = 0, where Zy, is the
electrical impedance of the piezo at the frequency of interest.
Interestingly, for an air-backed piezo where there is no flow
of energy to the backside acoustic port, the acoustic reflection
coefficient at port 1 is equal to the electrical reflection coefficient
at port 3, as described by (11) and (12). The proposed electro-
acoustical model, shown in Fig. 6(a)(bottom), is well-defined
once Zy, at the frequency of operation is known. A summary
of the derived expressions under different boundary conditions
is listed in Figs. 6(b)—(e).

VI. BACKSCATTER BANDWIDTH

The presented closed-form expressions for the reflection co-
efficient, (9)—(12), reveal how the amplitude of the echo can be
modulated by the piezo termination impedance Z g for backscat-
ter communication. The modulation range of the echo amplitude
is determined by AT'\j,x, which according to (9)—(12), is ideally
equal to 1. Al'y.x, however, degrades (and becomes <1) due
to second-order effects, mainly caused by the geometry of the
implant piezo, that are not well modeled by the piezo constitutive
equations used to derive (9)—(12). The type of the piezo resonant
mode (LE vs. WE modes), diffraction, angular misalignment,
non-ideal backing and baffling are responsible for AT'yp, degra-
dation. These are conceptually outlined in Fig. 7(a) for the case
of I's, while FEM simulated Al'vax at fs and f, for various
piezo aspect ratios is shown in Fig. 7(b). For AR >> 1 the piezo
resonates more strongly along its width (WE mode) tangential to
the direction of the incident wave resulting in reduced Al'yjax-
For AR < 1, although the piezo resonates in the LE mode, its
width becomes considerably smaller than the wavelength of the
incident wave so that that wave-piezo interaction is dominated
by diffraction rather than reflection. That is, the piezo becomes
invisible to the incident wave at AR<1, significantly reducing
its echo modulation strength.
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The simulated echo fractional bandwidth of the piezo is
also reported in Fig. 7(b). The settling time of the echo when
switching Zg from open- to short-circuit was used to estimate
the fractional bandwidth in Fig. 7(b). For AR < 1 and AR >
1, the piezo uniquely resonates in a distinct resonance mode,
respectively LE and WE, resulting in a high quality-factor res-
onator. At AR~ 1, the piezo is in transition from one mode to the
other with a reduced quality factor and thus increased fractional
bandwidth. Therefore, AR of ~1 is found to be optimal for
backscatter communication.

Using the echo fractional bandwidth and the carrier center fre-
quency (Figs. 2(b) and (c)), the available backscatter bandwidth
per unit volume of the implant piezo can be calculated as shown
in Fig. 7(c). For a given AR (=1 in Fig. 7(c)), increasing the
piezo volume (or equivalently thickness) decreases the resonant
frequency and ultimately the available backscatter bandwidth.
The opposite trends of available power and backscatter band-
width per unit volume of the implant piezo shown in Fig. 7(c)
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Fig. 10. Measured and simulated piezo impedance.

clearly demonstrate an inherent tradeoff in the geometrical
design space of the implant piezo. Thus, for high-speed ap-
plications, spectrally efficient backscatter modulation schemes
are needed to decouple data rate and available power from the
geometry of the implant. For instance, compared to OOK, an
m-level amplitude shift keying (ASK) modulation increases the
backscatter data rate by a factor of loga(m). The selection of
termination impedances required to implement an m-level ASK
backscatter modulation, however, is not as straightforward as
that of OOK and should be made with care as demonstrated in
Fig. 8. The echo levels have distributions around their nominal
values, due to the noise of the carrier. To reduce the transmission
bit error rate (BER), the overlaps between these distributions
should be minimized by having equidistant nominal echo levels.
The optimal choice of Zg for equidistant echo levels, shown
in Fig. 8(b), can be directly calculated using Zz(T") (obtained
from (9)—-(12)). A comparison of the BER for the two cases in
Figs. 8(a) and (b) and OOK is shown in Fig. 8(c) as a function of
the carrier signal-to-noise ratio. It can be observed that linearly-
spaced modulating Z}, for the 4-level ASK modulation has an
impractically high BER at all SNRs, but non-linearly spaced
modulating Zg can achieve a BER as small as that of OOK at
SNR>15 dB while achieving a data rate twice as large.

VII. MEASUREMENT AND MODEL VERIFICATION

A. Setup

In this section, we use FEM simulation and experimental
results to verify the expressions presented in Section V. Here, we
only focus on non-air-backed implant piezo model, (9) and (10),
as air-backing requires a sealed back-side cavity which compli-
cates implant assembly and potentially degrades the longevity
of the implant. The experimental setup is shown Fig. 9. A
piezoceramic cube (APC851, 0.51 mm?) mounted on a flexible
board (~ 0.1 mm thick) was suspended at a distance of 20 mm
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of the modulation index of the piezo for capacitive terminations. Comparison of simulated, measured and predicted I'orm at (e) fs and (f) f, for resistive loads.

Comparison of simulated, measured and predicted I'yorm at (g) fs and (h) f, fo

away from a 0.25” diameter single-element external transducer
(Olympus V323-SU) in oil (with attenuation constants a ~ 0.1
dB/cm.MHz and b ~ 1.8). The external transducer was driven by
an ultrasound pulser (Maxim, MAX14808). Each interrogation
ultrasound pulse contained 10 ultrasound cycles at a frequency
precisely set by a function generator (Keysight 33522B). A
waveform analyzer (Keysight CX3300A) was used to record
the amplitude of the backscattered waveform received by the
external transducer. A custom made capacitive/resistive bank
was used to change the termination impedance of the piezo. A
PC was used for measurement automation and data collection.
An FEM model of the setup shown in Fig. 9 was also generated in
COMSOL Multiphysics and used to perform FEM simulations.

B. Results

In order to verify (9) and (10), the impedance of the test
piezo was first measured, shown in Fig. 10, using a precision
LCR meter (Keysight E4980A). The series and parallel resonant
frequencies of the piezo were measured to be 1.5 MHz and 1.745
MHz, respectively. It can be observed in Fig. 10 that submerging
the piezo in a viscous fluid, e.g. oil, mechanically dampens the
piezo and decreases its quality factor so that at f; and f, the
piezo impedance is no longer purely resistive in oil for this
originally low-Q piezo material. The impedance of the piezo
is ZTh,s =231 [kQ]Z — 32° and ZTh,p =9.78 [kQ]Z — 36°
at respectively fs and f,. The FEM simulated piezo impedance
in oil is also shown in Fig. 10 which is in good agreement with
the measurement.

Next, the frequency response of the modulation index (MI) of
the piezo was measured, for which the frequency of the interro-
gation pulse was changed from 1 to 2 MHz (in steps of 5 kHz)
and the received echo voltage, V..n,, was measured. The MI
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was calculated for different values of termination impedances
(ranging from 100  to 800 k€2, and 0.2 pF to 800 pF), using
the measured V., and

‘/echo(ZE) - Vmid

MI =
Vmid

13)

)

Viia = 5 (max(Veeno) — min(Veero)) . (14)
The simulated and measured frequency response of the MI of
the test piezo are shown in Figs. 11(a)-(d). The absolute value
of MI has a global and local maxima respectively at fs and f,,
suggesting that operation at the series resonant frequency of the
piezo provides a larger (relative to the midline) backscattered
signal. Also, according to Figs. 11(a) and (b), there exists an
operation frequency midway between f, and f, (~1.6 MHz) at
which no backscatter modulation is observed for any resistive
load. No such frequency is found for capacitive loads, Fig. 11(c)
and (d). Moreover, the MI has opposite trends at f; and f, with
respect to the piezo termination impedance, meaning that at f,,
increasing the termination impedance increases the MI, but at f,,
increasing the termination impedance decreases the MI. These
trends are shown in Figs. 11(e)-(h) for resistive and capacitive
loads. The normalized reflection coefficient

‘/echo(ZE) - min(‘/echo(ZE))
maX(Vecho(ZE)) - min(‘/echo(ZE)) ’

Fnorm -

5)

is plotted in Figs. 11(e)-(h) in order to subtract the measurement
environment nonidealities such as non-flat frequency response
of the external transducer, frequency dependence path loss and
the reflection from the mounting stage of the test piezo. The
reflection coefficient predicted by (9) and (10) (using measured
Zrh,s and Zpp, 5, from Fig. 10) is also plotted in Figs. 11(e)-(h).
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A good agreement between the simulated, measured and pre-
dicted reflection coefficients across a wide range of conditions
in Fig. 11 validate the simplifying assumptions made in the
derivation of (9) and (10).

VIII. SUMMARY

In this work, we discussed different aspects of a backscatter
communication channel with the emphasis on the design and
simulation of the implant piezo. First, using the volumetric
efficiency as a figure of merit, we presented a design guideline for
the aspectratio and thickness of the implant piezo that minimizes
the overall implant volume as far as power harvesting is con-
cerned. We further demonstrated that for maximum backscatter
bandwidth and modulation depth the unity aspect ratio is opti-
mal. An end-to-end SPICE friendly equivalent circuit model of
the backscatter channel was presented as a tool to simulate the
channel response, while incorporating both the attenuation and
spreading path loss components of the channel. The channel
equivalent circuit model was then used to simulate T'(Zg), a
critical design parameter for backscatter uplink modulation.
Last, to gain further insight into I'(Zg), we presented simple
closed form expressions for I'(Zg) which link I" to the com-
monly used Thevenin equivalent circuit model of the implant
piezo under various boundary conditions. The experimentally
validated closed-form expressions for I'(Z ) are insightful for
the design of ultrasound backscatter modulating circuits.

APPENDIX

Using (5), (6) and the acoustical boundary conditions (F; =
—Zpvy and F, = —Zpvsy) in Fig. 6(a)(top), the impedance seen
into the electrical port of the piezo (port 3) is found as follows

B p?(Zp + Zp + 2(m —n))
Lplp —|—m(ZB +ZF) +m?2 —n2’

Piezo series resonant frequency is a frequency at which the
electrical impedance of an acoustically unloaded piezo (Zp =
Zr = 0) has no imaginary component. Therefore, (16) at f
results in

r(m? —n?) = 2p*(m — n). (17)

Here, we use Z3 instead of the previously used Zp;, to make
indices compatible with the port numbers used in Fig. 6. Now,
let’s derive I'g for the piezo with Zp = Zp # 0 at f,. By
substituting (8) in (7), and using (16)—(17), I's can be found

B 1 Zg(m? —n?—Z%) —rZ%
 Zp+Z3 m2—n2+2mZp+ 7%

Ly (18)

Given at fs, m? —n?>> Z2 + 2mZp for typical tissue and
piezo material constants, (18) can be approximated by

ZE

i —, 19
Zp+ 23 (19)

when Zp = Zp # 0. The same procedure can be used to derive
I's,qir for an air-backed piezo Zp = 0 operating at f,. That is,
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for an air-backed piezo, (16) becomes
p*(Zr +2(m —n))
mZp +m?2 —n?

mr—p2

ZS,air =T —-

=2Zr (20)

mZp +m?2 —n?’

where the second equality is resulted using (17). By substituting
(8) in (7), and using (17) and (20), I 4, can be found

2
r - Zp — ZFimzin;z,meF N Zp — Zs 21
s Zg+Zp mr—p* T Zp+Zs

m2-n2+mZr

Atthe parallel resonant frequency, 3] — 7 and it can be shown
that in (5) and (6) m — oo, (m—n) = oo, (m+n) =0
and (1 — n/m) — 2. Using these approximations, when Zp =
Zr # 0at fp, (16) and (8) can be simplified to

2p? (Zp +m —n) N —2p?

Z3y=r— ~ 22
G A R
4p? 273
IW=Zpr————=Zp |1+ —]. 23
1 R S F < + 7 > (23)
I, can therefore be found by substituting (23) in (7), that is
Z3
Iy~ ———. 24
R (24)

In a similar fashion, Iy, ;- for an air-backed piezo Zp =0
operating at f, can be derived. In this case, Z3 and Z; are given
by

B p? (Zp +2(m —n)) N —4p?

3 = 25
=T mZp +m? —n? Zr ' 25)
4p2 ZF23
J=——r 26
1 ZE ¥ ZE 9 ( )
and using (7), Iy, 44, is found as
Z3— 4

T gir ® ———. 27
P Z3s+ Zg @7)
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