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Quasi Class-DE Driving of HIFU Transducer Arrays
Carlos Christoffersen, Senior Member, IEEE, Thinh Ngo, Ruiqi Song, Yushi Zhou Member, IEEE,
Samuel Pichardo, and Laura Curiel, Senior Member, IEEE

Abstract—Recently a method was proposed to determine the
parameters for each Class DE driver in high-intensity focused
ultrasound (HIFU) arrays for efficient operation and to compensate for variations in the impedance of each array element.
This work extends that method to consider the effect of switch
resistance and to provide limited control on the power delivered
to the transducers with a constant supply voltage while keeping
a good efficiency. The method is experimentally validated using
an integrated driver developed by the authors. This paper also
shows that the frequency range for efficient electrical operation
is close to the frequency where the transducer array presents a
peak in the conversion efficiency.
Index Terms—Biomedical electronics, Class DE amplifier, Ultrasound transducer, HIFU

I. I NTRODUCTION

I

NTEGRATED class DE amplifiers without inductors have
been proposed as a compact solution to drive arrays of
piezoelectric ultrasound transducers for HIFU therapy [1]–
[3]. HIFU is a non-invasive surgical technique that thermally
ablates tissue in human organs without the need of incision.
Tissue ablation is achieved by focusing acoustic energy that
translates into heat energy delivered to the focal zone of the
ultrasound transducer [4], [5]. Frequently HIFU operation is
guided by Magnetic Resonance Imaging (MRI) [6], which
provides high contrast volumetric information and real-time
monitoring of thermal effects. A multi-element ultrasound
transducer array is required in order to electronically steer
the focal zone. This is achieved by exciting all transducers at
the same power level and adjusting the phase of each element.
Several drivers for piezoelectric ultrasound transducers require
external matching networks containing inductors [7]–[12].
These matching network circuits would interfere with the
MRI-guidance system, so they cannot be used within the bore.
Other proposed designs do not require inductors [13]–[17]
but efficiency is not one of the main considerations in these
designs and thus they tend to achieve lower efficiencies.
Drivers that operate in Class-DE mode [2], [3] may achieve
higher efficiency without the need for inductors or transformers. The design presented in [2] achieved an output power
of 830 mW, with an efficiency over 90%. In order to deliver
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more power at the output, a full-bridge Class-DE amplifier [3]
was also designed. Class DE operation as proposed here only
requires a driver with a push-pull switch (or equivalent), an
optional external capacitor and fine control on the duty cycle.
For that reason, the technique presented in this work could
be used to allow commercially available ultrasound pulsers
normally intended for imaging applications (References [18]–
[20] are some examples) to be used for HIFU, by reducing
thermal dissipation on the chip. The driving frequency for
ultrasound transducers is usually set at the series resonant
frequency as this ensures that the input voltage is fully applied
to the equivalent resistor in the series resonant branch [10].
However, this frequency does not take advantage of the loss
reduction mechanism in the transducer, which occurs between
the series and parallel resonance frequency range when the
input impedance is inductive. It is shown in [10] that the
mechanical efficiency of the transducer peaks between these
two frequencies. When transducers are driven at a frequency
in this range, they require less electrical power to produce
the same mechanical output vibration. As this is the same
frequency range where Class DE driving mode is feasible, our
proposed approach has the potential to simultaneously achieve
good efficiency on both transducer and driver.
When a transducer array is considered, the excitation frequency is common for all transducers but the individual duty
cycle and external capacitor for each transducer must be
adjusted to compensate for variations in the impedance of each
array element. Recently, a technique to determine efficient
driving parameters for an entire array was proposed in [1].
However, that method does not provide a means to control the
power delivered by each transducer. Often transducer arrays
require equal power on all elements [21]. This need comes
from the fact that the prediction of the lesion shape relies on
this assumption, so deviating from it, will cause an unwanted
change in the lesion shape. This paper improves the analysis
of the amplifier efficiency and extends the previously proposed
method to allow for limited control of the power delivered to
each transducer using the same supply voltage for all drivers.
This is achieved by selecting the array excitation frequency,
individual duty cycles and capacitive matching networks for
each transducer.
II. S YSTEM M ODELLING AND A NALYSIS
A. Transducer Array
This paper uses larger transducers with lower impedance
than the ones used in [1]. This is to achieve a better efficiency
with the driver [3] used for the experimental verification,
which was originally designed for transducers of this size.
The array is composed of six disc-shaped transducers with a
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TABLE I
T RANSDUCER PARAMETERS PARALLEL ABSORBER

Transducer A at f = 1040 kHz

A

B

C

D

E

F

fS (kHz)
fP (kHz)
C0 (pF)
CS (pF)
LS (µH)
RS (Ω)
QS

998
1106
557
130
195
40
31

1000
1106
545
125
203
41
31

1002
1109
665
156
162
43
24

999
1105
619
145
175
47
23

1005
1114
622
148
170
41
26

1003
1111
521
121
208
39
34

3.0
Output acoustic power (W)

Transducer

3.5

2.5
2.0
1.5
1.0

TABLE II

T RANSDUCER PARAMETERS 45◦ ABSORBER

1.0

A

B

C

D

E

F

fS (kHz)
fP (kHz)
C0 (pF)
CS (pF)
LS (µH)
RS (Ω)
QS

998
1106
561
132
192
40
30

1000
1106
493
112
226
42
34

1002
1110
739
178
142
43
20

997
1106
696
150
170
49
19

1005
1113
527
122
205
42
31

1003
1111
638
151
167
39
26

diameter of 20 mm and a thickness of 2.8 mm made of piezocomposite crystal [22]. Using a vector network analyzer, two
characterizations were performed to consider variations in the
acoustic environment: one with absorber material parallel to
the transducer surface (Table I) and another with the absorber
material at an angle of 45◦ (Table II). The series and parallel
resonance frequencies are denoted fS and fP , respectively.
The Q factor of the series resonant branch (QS = ωLS /RS )
at 1 MHz is also shown in the tables. The transducers used in
this work have a high QS and reject frequencies far from the
resonance.
The transducer conversion efficiency, defined as the ratio
between the acoustic power over the electrical power delivered
to the transducer was also measured. The acoustic power of
the transducers was measured using the radiation force method
[23] with an absorber [24] placed at the bottom of a container filled with deionized-degassed water, and the transducer
suspended 2 cm away from the absorber. The container was
placed on an analytical scale [25] with the transducer surface
parallel to the absorber. Fig. 1 shows the acoustic power
as a function of electrical input power for Transducer A at
f = 1040 kHz. Circles represent measured points and the
slope of the dashed line is the conversion efficiency, which was
determined using least squares. Similar power sweeps were
performed at different frequencies for all transducers. Fig. 2
shows the variation of the conversion efficiency with frequency
for each transducer and also for the entire array under the
assumption that all transducers receive the same electrical
power. The efficiency peak happens between fS and fP at
a frequency near 1040 kHz, with an average array efficiency
of 77.6%.

2.0

2.5
3.0
3.5
Input electrical power (W)

4.0

4.5

Fig. 1. Acoustic power as a function of electrical input power for Transducer
A at f = 1040 kHz.
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Fig. 2. Transducer conversion efficiency as a function of frequency.

B. Amplifier Analysis
Fig. 3 shows a simplified schematic diagram of a class DE
amplifier. The parallel capacitor,
Cp = C0 + CSW + Cext ,
includes the transducer parallel capacitor (C0 ), the parasitic
capacitance of the switches (CSW ) and any additional external
capacitance (Cext ). For proper Class DE operation, the driver
must be physically close to the transducer as explained in
[2] to minimize the transmission line effect between the three
components of Cp . In order to regulate the load power while
keeping a constant supply voltage, we relax the zero voltage
switching (ZVS) condition in the Class DE amplifier. This
introduces switching losses but if the voltage drop at the
switching instant is not too high, the overall efficiency remains
reasonably high. We retain the zero derivative switching (ZDS)
condition to keep a low sensitivity respect to small variations
in the duty cycle and other circuit parameters. The operation
of the Class DE amplifier has been analyzed in several papers,
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Is1

Fig. 4. The switch resistance normally is much lower than
the load impedance. In practice this resistance produces a
small voltage drop in the output waveform with a consequent
reduction on the output power. The approach taken here is
to neglect the effect of this resistance in the shape of the
waves to establish the series branch impedance condition but
later consider its effect in power calculations. The second and
third assumptions are reasonable for piezoelectric transducers
as discussed in Section II-A. As it will be shown in Sections IV
and V, the fourth assumption causes an acceptably small error.
Assumption (5) can be verified in each case by comparing the
slew-rate of the driver (loaded with C0 ) with T .
Due to the the high value of QS , the current in the series
branch is sinusoidal given by:

vo

V
S1

Ic

Series
resonant
branch

Xs

Cp

V
S2

is

Rs

Is2

Fig. 3. Simplified schematic of a class DE amplifier.

S1

on

S2

3

on
V

is = Ip sin(ωt − φ) ,

∆V

vo

(2)

where Ip is the peak value, ω = 2π/T and t is time. The
average power delivered to the load (PL1 ) is thus given by:

0

1
RS Ip2 .
(3)
2
During the [0, φ/ω] interval, the current is provided by CP
and satisfies:
dvo
is = −Cp
,
(4)
dt
where vo is the output voltage. Combining (2) and (4),
integrating, and imposing the following boundary conditions:

∆V

PL1 =

−V
is
ton
0
0

ton
φ/ω T/2

T

Fig. 4. Waveforms in class DE amplifier outside optimum conditions [1].

= −V

vo (t = 0)
vo (t = φ/ω)

[26]–[29] are some of the most relevant examples. However,
the analysis in the literature is focused in the most common
case where there is an external RLC matching network. The
analysis presented in this section is not available elsewhere.
Fig. 4 shows the waveforms in the class DE amplifier under
the considered non ideal conditions. The duty cycle (D) is
defined as follows:
ton
D=
,
T
where ton is the conduction time and T is the period of
the excitation. The switches are operated with a duty cycle
between 0 and 0.5, usually close to 0.25. The conduction angle
(φ) is related to D by the following equation:
φ = π(1 − 2D) .

(1)

The voltage difference at the switch at the turn-on instant is
denoted as ∆V . If the ZVS condition is satisfied, ∆V = 0
and there is no switching loss.
1) Series Branch Impedance Condition: We now determine
the series resonance branch (Fig. 3) impedance condition for
quasi Class DE operation with ∆V 6= 0, using similar steps
used to analyze ideal Class DE operation in [26]. This analysis
is based on the following assumptions [26]–[29]: (1) voltage
drop in switch resistance is negligible, (2) capacitors are linear
and lossless, (3) QS is high enough to assume underdamped
regime, (4) higher harmonics of the current are neglected and
(5) if ∆V 6= 0, when the switch is turned on CP charges
to the supply voltage value in a negligible time as shown in

(5)

V − ∆V ,

=

(6)

the output voltage for 0 ≤ t ≤ φ/ω is found to be


Ip
1 − cos φ
vo =
cos(ωt − φ) − cos φ −
,
ωCp
2−δ

(7)

where δ = ∆V /V and the peak current is given by:
Ip =

(2 − δ)ωCp V
.
1 − cos φ

(8)

The fundamental component of the output voltage (Vo ) is now
determined using Fourier analysis:
Z
2 T
Vo =
vo (t) exp(−jωt)dt .
T 0
The required series branch impedance (ZS ) is obtained as the
ratio of Vo and the phasor corresponding to is (Is ):
ZS = RS + jXS =

Vo
.
Is

The condition for ZDS is thus:
ωCp RS =
1 − cos(2φ) + δ



3
2

+

cos(2φ)
2

(2 − δ)π

− 2 cos φ


(9)

ωCp XS =
2φ − sin(2φ)
.
(10)
2π
This result is consistent with Eq. (5) in [26] when δ = 0
(ZVS condition). The external capacitor (Cext ) can be used to

4

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

control the output power. If Cp increases, φ must be increased
to satisfy Eq. (10); this results in a lower D and a consequent
reduction in load power. As the right hand side of Eq. (10) has
a maximum equal to 1 when D → 0 (i.e., φ → π), the largest
value of Cp that maintains quasi Class DE operation is given
by Cp,max = 1/(ωXS ). Replacing this value in Eqs. (3), (8)
and (9), the following lower bound on the load power (PL2 )
is obtained:
8RS V 2
.
(11)
PL2 =
(πRS + 4XS )2

frequency that accounts for power dissipated by gate drivers
(PG ) and a term that accounts for resistive losses in switches
(PR ), namely:
PD = PS + PG + PR .
(19)

It is important to remark that PL2 is only valid if the ZDS
condition is enforced and Assumption (5) holds, i.e., Cp
charges instantly regardless of the duty cycle. In practice
Assumption (5) no longer holds when D → 0 and the lowest
achievable power in this operation mode is somewhat higher
than the value predicted by Eq. (11). Despite these limitations
this bound is useful for a rough estimation of the the range
where power control using this approach is feasible.
2) Load power reduction due to switch resistance: We
present here a new strategy to model the reduction in load
power due to the switch resistance (RSW ). This reduction is
approximated by defining an average load peak voltage (VA ),

Solving the integral in (20) and combining with Eq. (16), the
following expression is obtained:


RSW
φ sin(2φ)
PR =
PL 1 − +
.
(21)
RS
π
2π

VA = V − RSW IA ,

(12)

where IA is the average current in the switch during the
conduction interval. This approximation improves accuracy
with a simple modification to the existing equations. The
effective peak current (IpE ) is obtained by substituting VA
in place of V in Eq. (8):
IpE =

(2 − δ)ωCp VA
.
1 − cos φ

(13)

The value of IA is obtained by averaging the current in the
series branch over the [φ, π] interval, by combining Eq. (2)
and (13):
Z π

1
IA = IpE
sin(θ − φ)dθ .
(14)
π−φ
φ
From Eq. (12), (13) and (14), VA = V /(1 + k) is obtained,
where k is given by:
k=

(2 − δ)RSW ωCp (1 − cos(π − φ))
.
(π − φ)(1 − cos φ)

(15)

The effective load power (PL ) is then estimated to be:
PL =

1
PL1
2
RS IpE
=
.
2
(1 + k)2

(16)

3) Losses and efficiency: The observed voltage difference
at the switch at the turn-on instant must be recalculated as:


δ+k
V = δE V ,
(17)
∆V = δVA + (V − VA ) =
1+k
where δE is the observed ∆V /V ratio. The average switching
loss power (PS ) is estimated as follows [1]:
2 2
PS = f Cp δE
V ,

(18)

where f = 1/T . The total power loss in the driver (PD ) also
includes a term approximately proportional to the switching

Resistive losses are calculated by averaging the power dissipated by the effective switch current. From Eq. (2) and (13):
Z π
RSW 2
2
[sin(θ − φ)] dθ .
(20)
PR =
IpE
π
φ

Eq. (21) is almost equivalent to the expression obtained in [28],
but Eq. (21) additionally accounts for the voltage reduction due
to the switch resistance.
The overall array efficiency (η) is defined as the ratio
between the total power sent to the transducers and the total
power dissipated:
P
PL
η=P
.
(22)
(PL + PD )
III. P ROPOSED M ETHOD
The objective of the method is to determine driver parameters, predict load power and losses in each amplifier and
optionally provide control on the power of each individual
transducer in the array while keeping the combined power efficiency in the array as high as possible. As an example, and for
validation of the presented theory, the steps below show how
to equalize the electrical power delivered to all transducers in
the array. It is assumed that the switch capacitance is the same
for all transducers, but C0 may differ for each transducer. The
method is composed of the following 5 steps:
1) Measure the transducer impedance (ZT ) of each element in the array in the frequency interval of interest.
Determine the parallel capacitance C0 for each transducer. The impedance of the series resonance branch is
calculated as follows:
1
ZS = 1
ZT − jωC0
2) For (non-optimum) Class DE operation, the operating
frequency must be between the highest fS and the lowest
fP for all transducers and it must be in the region where
the series branch impedance is inductive. This is also the
frequency range where transducer conversion efficiency
peaks (Fig. 2). Based on these considerations, select a
range for f .
3) Set Cext = 0 for all transducers. For each frequency
in the considered range, numerically obtain φ for each
transducer using Eq. (10) and use that value to solve for
δ in Eq. (9):
δ=

2πωCp RS − 1 + cos(2φ)
πωCp RS +

3
2

+

cos(2φ)
2

− 2 cos φ
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Fig. 5. Load power (PL ) and average driver losses vs. frequency

If δ > 0, the transducer can not be driven in ideal Class
DE mode and the obtained value of φ corresponds to
the best possible efficiency in sub-optimal mode. Else,
if δ < 0, Cext must be increased to make δ = 0.
The value of Cext is obtained by setting δ = 0 and
numerically solving for Cp and φ using Eq. (9) and (10).
Calculate PL for each transducer using Eq. (16). Each
of these values represents the maximum power that can
be delivered to a transducer.
4) The power delivered to each transducer may be reduced
up to near the value predicted by Eq. (11). For example,
if the electrical power delivered to each transducer is
to be equalized, take the minimum from the set of
calculated load powers (Pmin ) and increase Cext in all
other transducers to make all load powers equal to Pmin .
This is achieved by simultaneously solving for k, Cp , φ
and δ in the system of equations formed by combining
Eq. (9), (10), (15) and (16).
5) Estimate final array power and efficiency using Eq. (22)
and select the operating frequency.
Fig. 5 shows the load power and losses vs. frequency
using the two sets of transducer characterization parameters,
V = 20 V, RSW = 4.6 Ω, CSW = 26 pF and PG = 180 mW
(at 1 MHz). For a constant supply voltage, the power delivered
to the transducer is greater near fS and decreases as fP
is approached, but as losses are also greater near fS , the
efficiency of the driver peaks at an intermediate frequency,
as seen in Fig. 6.
As the method relies on compact analytical expressions, it
requires little computational cost, for example a run for the
set of 6 transducers shown here takes less than 1 second on
a desktop computer. Table III shows calculated parameters
for each transducer at 1042 kHz for Steps 3, 4 and 5. In
Step 3, the initial maximum load power for each transducer
is calculated (minimum value shown in boldface). Before
equalization, PL has large variations with a maximum of 31%
difference between transducers D and E. In Step 4, the load
powers are equalized and the final values for D, Cext and δ are

1030

1035

1040
1045
Frequency (kHz)

1050

1055

Fig. 6. Array electrical efficiency (η) vs. frequency.
TABLE III
C ALCULATED PARAMETERS FOR EACH TRANSDUCER AT 1042 K H Z
Step

Transducer

A

B

C

D

E

F

3

PL1 (mW)
PL (mW)

1910
1767

1636
1524

2067
1896

1626
1513

2171
1983

1886
1740

4

PL2 (mW)
D (%)
Cext (pF)
δ
δE
PL (mW)

816
24
574
0.30
0.32
1513

715
26
308
0.01
0.05
1513

891
21
817
0.38
0.40
1513

718
25
284
0.00
0.04
1513

935
20
1038
0.44
0.45
1513

819
23
702
0.25
0.28
1513

5

PD (mW)
ηD (%)

288
84

253
86

335
82

255
86

375
80

282
84

obtained. In Step 5, losses and efficiency are calculated. The
last row shows the electrical efficiency of each driver (ηD ).
Fig. 7 shows individual driver efficiency as a function of
PL at 1042 kHz. This figure illustrates the control range and
the trade-off between power control and efficiency using the
proposed approach with the selected combination of driver and
transducer. Powers could have been equalized at many levels,
but it is clear from this figure that the greatest efficiency is
obtained when they are equalized at the highest possible level
as recommended in Step 4. It can also be observed in this
figure that the control range with high efficiency is limited to
cases where small power corrections are needed.
IV. S IMULATION R ESULTS
The performance of the transducers in the array is
evaluated by a steady-state simulation using an inhouse circuit simulator which is freely available at
https://github.com/cechrist/cardoon. The circuit topology is the
same as shown in Fig. 3. Transducers are modelled using
the measured scattering parameters in two different modes.
In the first mode (Simulation 1), the scattering parameters
with parallel absorber are used for the fundamental frequency
response, for all other harmonics only the parallel capacitor
of the lumped-element equivalent circuit is considered. This
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Fig. 7. Driver efficiency as a function of the load power (PL ) at 1042 kHz
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Fig. 9. Output voltage and current waveforms for Transducer D.
TABLE IV
S IMULATED OUTPUT POWER FOR EACH TRANSDUCER

A
B
C
D
E
F

20

Voltage (V)

10

Transducer
Predicted (mW)
Simulation 1 (mW)
Simulation 2 (mW)
Simulation 3 (mW)

A

B

C

D

E

F

1513
1480
1470
1468

1513
1469
1398
1400

1513
1435
1452
1466

1513
1493
1410
1509

1513
1437
1462
1463

1513
1475
1459
1464

0

−10

−20
0

200

400
600
Time (ns)

800

1000

Fig. 8. Output voltage for all transducers using the accurate transducer model
with parallel absorber (Sim. 2, continuous line) and with absorber placed at
45◦ (Sim. 3, dashed line).

mode removes the odd-harmonic secondary resonances from
the transducer response. In the second mode (Simulations 2
and 3), the same approach is used but measured transducer
parameters with parallel absorber and absorber at 45◦ , respectively, are used up to 10 MHz. Capacitor values have been
adjusted to the nearest standard value for all simulations.
Fig. 8 shows all transducer voltages for Simulations 2
(continuous line) and 3 (dashed line). Differences between
the two simulations are very small. The greatest difference
is observed for Transducer D. Fig. 9 shows a detail of the
voltage and current waves for the three simulations and the
theoretical predicted waves for Transducer D. The upper graph
shows the output voltage waves. The voltage drop due to
the switch resistance, approximated as a constant drop in
the theory analysis, can be observed. The lower graph shows
the switch current waves for the three simulations and the
analytically calculated wave for the series branch current (is ).
Tables IV and V summarize simulation results for PL and

δE , respectively. Both tables show good agreement between
the simplified analytical analysis and simulation results. The
main differences are that the simulated PL is a little lower
than the predicted value and sometimes δE is affected a little
by the presence of harmonics in Simulations 2 and 3. As
observed in Fig. 9, the currents have some oscillations that
modify the value of δE . This effect is relatively small because
the charge contributions of high frequency oscillations tend
to compensate each other. For Simulation 1, the maximum
difference in the obtained PL is 4%. For Simulations 2 and
3, the average load powers are 1442 mW and 1463 mW,
respectively and the maximum differences are 5% and 7%,
respectively. Thus they are within the acceptable range (less
than 10% [21]).
V. E XPERIMENTAL R ESULTS
The six transducers were driven using the integrated driver
described in [3]. This design is based on an H-bridge topology
as shown in Fig. 10. Transistor dimensions in µm for M1 and
M4 are: 360 fingers with W/L = 50/1.4, for M2 and M3:
140 fingers with W/L = 50/1. Transistors M1 and M2 in
Fig. 10 operate in the same way as a half-bridge amplifier
and transistors M3 and M4 operate with the complementary
signals as indicated in the diagram. The integrated driver
includes a logic control block to program duty ratio, phase
shift and operating frequency. The driver was implemented
using the AMS AG H35 CMOS process. A micrograph of
the fabricated die including the I/O pads is shown in Fig. 11.
Compared to the push-pull Class-DE amplifier shown in Fig. 3,
the H-bridge Class-DE amplifier can deliver 4 times the output
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TABLE V
S IMULATED δE FOR EACH TRANSDUCER

M2

Transducer

B
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F

0.32
0.33
0.34
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0.05
0.09
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0.40
0.41
0.38
0.39

0.04
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Fig. 11. Micrograph of the fabricated die
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Fig. 10. Block diagram of the transducer driver

power with the same DC supply voltage. Another advantage
is that the effective switch capacitance is divided by two
as the capacitances on each side of the transducer appear
as a series connection in parallel with the transducer load.
These advantages come at the expense of double chip area to
accommodate four transistors instead of two, additional power
to drive its gates and double switch resistance. The equations
presented in this paper are applicable to the H-bridge topology.
For that case CSW is defined as half the switch capacitance
on each side of the H-bridge and RSW is the sum of the
resistances of two complementary transistors (M1 and M3, or
M2 and M4).
The experimental setup used to obtain the measurements is
shown in Fig. 12. A short section of coaxial cable was used
to connect the transducers to the driver. The output voltage
was measured as the difference between the two driver outputs
referred to ground (nodes marked A and B in Figs. 10 and 12).
The value of CSW , including oscilloscope probes and parasitic
capacitance from PCB and connectors was experimentally
determined to be 26 pF. The supply voltage at the driver was
set to 20 V. The driver was programmed to obtain duty cycles
as close as possible to the values in Table III. The absorber was
placed parallel to the transducer surfaces for all measurements.
Table VI summarizes the experimental results. The measured
values of the standard 5% capacitors used for Cext are
shown in this table. PL in Table VI is the delivered power
at the fundamental frequency and was calculated based on
the experimentally measured load voltage and the previously
measured reflection coefficient of the transducer as follows:
PL =

Vo2

2

1 − |Γ|
,
2Z0 |1 + Γ|2

where Vo is determined using Fourier analysis of the sampled

Transducer

Absorber

Fig. 12. Experimental setup for a single transducer

output voltage, Zo is 50 Ω and Γ = (ZT − Z0 )/(ZT + Z0 ).
The value of ηD was obtained as the ratio between PL and
the DC power delivered to the driver (PDC ). The value of
PD was determined as the difference between PDC and PL .
The experimental values of δE , PL and ηD in Table VI show
reasonably good agreement with the analytical predictions and
simulations in Tables III, IV and V. The average transducer
power in the array is 1366 mW, which is lower than the
1442 mW average predicted by simulations. One possible
cause for this discrepancy is transducer impedance variation
due to small environmental changes and other deviations from
ideal conditions in the experimental setup. The experimental
overall electrical efficiency for the array is 78%. Despite these
discrepancies, the maximum difference in the measured PL
is 7 % between transducers A and D, which is within the
expected range. The power at the third harmonic (P3 ) was
calculated in a similar way as the fundamental power. The third
harmonic power level with this driving method is small and
these results are consistent with previous measurements using
a different transducer type [2]. Fig. 13 shows experimental
(continuous line) and Simulation 2 output waveforms (dashed
line) for all transducers. Good agreement is observed.
A. Magnetic resonance imaging compatibility
MR imaging was performed using a 3T MRI scanner
(Achieva, Philips, Best, The Netherlands). Two transducers
were placed inside a 1 L tank filled with deionized water,
one for transmission connected to our driver and the other for
reception to monitor the presence of an acoustic wave. An MR
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TABLE VI
S UMMARY OF EXPERIMENTAL RESULTS
Transducer
D (%)
Cext (pF)
δE
PL (mW)
PDC (mW)
PD (mW)
ηD (%)
PL /P3 (dB)

A

B

C

D

E

F

23.8
527
0.35
1412
1710
298
83
32

26.0
328
0.26
1336
1660
324
80
26

20.8
838
0.41
1380
1742
362
79
32

24.8
273
0.21
1322
1758
436
75
25

19.6
953
0.42
1398
1830
432
76
31

23.0
704
0.32
1346
1740
394
77
32

Without Driver

A
B
C
D
E
F

20

10
Load Voltage (V)

With Driver

0

Fig. 14. Spin echo images (top), B1 map (middle) and B1 map phase images
for the different conditions tested with the driver. The SNR was similar for
all conditions and the B1 showed to be uniform.
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Fig. 13. Experimental output voltage for all transducers (continuous line)
compared to Simulation 2 (dashed line).

bottle phantom (50 mL demineralized water with 11.55 mg of
CuSO4 ·5H2 O, 0.015 ml of Arquad R at 1% and 0.00225 ml of
H2 S04 − 0.1N) was placed next to the transducers. Spin Echo
images and B1 maps were obtained using a head coil (Head
Sense 8, Philips Healthcare). B1 mapping was calculated using
a dual angle method (TE/TR= 3.42/1036 ms, FOV= 30 cm,
slice thickness= 5 mm, flip angle α = 30◦ and 60◦ , ETL= 1,
NEX= 1). Spin Echo images (TE/TR= 3.39/120 ms, FOV=
15 cm, slice thickness= 5 mm, ETL= 1, NEX= 1) were
obtained at different coronal slices across the phantom and
transducers and they were used to calculate the signal to noise
ratio (SNR) with and without the driver present. The SNR for
each image was calculated as the ratio of the mean signal value
in a 2 × 2 cm area at the center of the phantom divided by the
standard deviation of a 2 × 2 cm matrix at the corner of the
image where no signal was present. The average SNR for 5
images covering the transducers space was calculated for each
of the conditions. The average SNR obtained without the driver
present was 28.91±2.23 dB. When the driver was present and
connected to the transducers it was 27.33 ± 0.44 dB. Fig. 14
shows the spin echo images for those conditions at the coronal
slice on the same plane as the driver was placed. The B1 maps
for the two cases can be observed as well as the corresponding
phase for the B1 maps. The change in SNR was not significant
between the cases. B1 maps show uniformity and the image

is not affected by the presence of the driver.
This experiment was also used to verify that the driver is
operational while in the MRI bore. At this time only operation
while imaging is not active is being reported. As measuring
instruments and power supplies can not be placed near the
magnet, the driver was connected to the outside world through
7 m long transmission lines. The fundamental component of
the voltage applied to the transducer was remotely measured as
follows: one of the transmission lines was connected through
680 Ω resistors in parallel with the load (points A and B in
Fig. 10). The attenuation for the fundamental component of
the load voltage at 1042 kHz was experimentally determined
to be 0.27. Using this approach, the magnitude of the fundamental component of the voltage provided to Transducer
A while the driver was operating in the bore was estimated
to be 19.5 V. The acoustic signal was also detected by the
receiver transducer, which was similarly connected to another
transmission line.
VI. D ISCUSSION
The analysis presented in this paper has been validated with
the simulation and measurement of a transducer array. The
overall performance obtained using the proposed approach is
dependent on the driver, the transducer frequency response
and the relative differences between transducers in the array.
Table VII compares the performance obtained with the presented case study with other published integrated output stages
for ultrasound transducers that provide efficiency data. The
proposed approach is competitive, but performance with other
transducer/driver combinations may vary.
To achieve reasonable output power levels and efficient
operation when small transducers are considered, the driver
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Input voltage (V)
Output voltage (V)
Frequency (MHz)
Load Capacitance (pF)
Load Power (mW)
Power consumption (mW)
Efficiency (%)

This work

[9]

[16]

5
20
1
> 1000
1366
1740
78

3.3
±4
1.5
LC matching
560
800
70

3.3
20–50
10
15
130–160∗
545∗
24–29∗

∗ Paper provides acoustic power data for 20 V supply voltage.

should be able to operate at high output voltages and present a
low output capacitance. This is because small transducers tend
to have a lower C0 and a higher RS . Small transducers also
tend to have several close resonance frequencies because the
thickness and the diameter may be comparable. For example,
the transducers used in [1] have several resonance frequencies below or near 1 MHz: 305 kHz, 630 kHz, 870 kHz,
960 kHz, 1055 kHz and 1120 kHz. As demonstrated in
[1], the transducers can operate in Class DE mode slightly
above the 1055 kHz resonance. The transducers may also be
operated at other resonance frequencies as long as a different
transducer equivalent circuit characterization is performed for
each resonance and the resulting equivalent circuit admits
(quasi) Class DE operation.
If the transducers in the array are too different, it may not
be possible to equalize all powers using this technique because
the efficiency may become unacceptable or the required power
for some transducers may fall below the bound predicted by
Eq. (11). Ultimately, the acceptable efficiency is determined
by how much power can be safely dissipated by the driver for
a given package/thermal sink combination.
The use of a feedback system is still required to ensure
correct acoustic power levels. A production system usually
requires both acoustic and thermal sensors for each transducer
[30]. Based on the data acquired by these sensors, the proposed
method could be used to re-calculate the required duty cycles
and external capacitor values to keep the system operating
in optimum conditions. In this case the transducer impedance
would have to be characterized at different temperatures and
the goal of Step 4 must be set to equalize the power detected
by the acoustic sensors. If unacceptable differences in the
detected power remain after equalization (but still within the
control range), the process could be iterated using ratio of the
measured acoustic power and the calculated electric power
as a scaling factor to improve accuracy. As an example,
the parameters for acoustic power equalization are calculated
using the parallel absorber transducer data and estimating the
acoustic power (PA ) using the value of PL and the measured
conversion efficiency (Fig. 2). Fig. 15 shows the electrical
efficiency (η) and the combined electrical-acoustic array efficiency, obtained using Eq. (22) but multiplying each term
in the numerator by the corresponding transducer conversion
efficiency. Table VIII shows the calculated driver parameters
and expected performance at 1042 kHz. In this case, due to
its lower conversion efficiency, Transducer B is set to provide

Electrical efficiency (η) %

Parameter

82

Overall efficiency %

TABLE VII
T RANSDUCER DRIVER PERFORMANCE COMPARISON

62

81
80
79

1035

1040

1035

1040

1045

1050

1055

1045
1050
Frequency (kHz)

1055

60
58
56

Fig. 15. Array electrical and overall efficiency vs. frequency.
TABLE VIII
C ALCULATED PARAMETERS FOR EQUAL ACOUSTIC POWER AT 1042 K H Z
Transducer

A

B

C

D

E

F

D (%)
Cext (pF)
δE
PL (mW)
PA (mW)
L (mW)
ηD (%)

22
690
0.39
1435
1095
312
82

26
295
0.03
1524
1095
254
86

20
927
0.45
1441
1095
365
80

23
473
0.20
1365
1095
255
84

18
1199
0.52
1410
1095
428
77

20
945
0.42
1348
1095
332
80

maximum power and the power in all other transducers is
scaled back to perform the equalization.
VII. C ONCLUSION
A method was presented to determine capacitive matching
networks and driving parameters for an ultrasound transducer
array operating the drivers in quasi class DE mode with limited
power control capability. A set of analytical formulas to model
the load power and losses in the driver was also presented.
It was shown that for efficient operation at both the driver
and the transducer, the array should be excited not at the
transducer series resonance frequency but rather at an intermediate frequency between the series and parallel resonances.
The proposed method is applicable to switching ultrasound
drivers that allow precise duty cycle control. In this work, the
method was experimentally verified using a full-custom driver
to drive an array with equalized electrical power delivered to
the transducers. Experimental results show an average power
of 1366 mW in each transducer with a maximum power
difference of 7% between transducers. The overall electrical
system efficiency is 78%. Preliminary experiments indicate
that the approach is compatible with MRI.
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