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Abstract — An optimized, self-contained system platform to 
support both thermal strain imaging (TSI) and HIFU is desirable 
for multi-functional catheter-based devices.  Our catheter is 
designed for real-time interventional feedback during therapeutic 
treatment of cardiac substrates which contribute to ventricular 
tachycardia.  We are using high frequency (8-10 MHz) catheter-
based HIFU to address relatively shallow (5-20 mm) tissue target 
depths from the epicardial aspect of the heart.  An imaging 
system which can provide both high acoustic power at high 
frequencies while also providing the signal processing needed for 
TSI is very attractive.  Our principal objective is to produce very 
high focal intensities (> 2000 W/cm2) to ablate moving cardiac 
tissue quickly, implementing both electronic axial steering and 
mechanical angulation to scan step-wise through a 4x4x4 mm3 
target volume in several minutes.  The catheter and system are 
designed for TSI temperature monitoring feedback during HIFU. 

The Verasonics (VS) Vantage 256TM ultrasound system limits the 
total system power output which is usually 8 Watts per channel at 
low frequencies (e.g. 1.5 MHz).  The Vantage further limits the 
transmit voltage for higher frequencies and as well generally 
limits the acceptable duty cycle operation (e.g. 25%) for long 
bursts.  Without our cabling modifications the individual VS 
transmitters cannot deliver enough HIFU power for our array 
design, which is a 7 mm diameter annular array with 4 elements 
for 8.92 MHz HIFU and TSI with water cooling irrigation.  We 
have developed an optimized system power summation approach 
which provides enough power with minimal changes to existing 
hardware and is compatible with our currently implemented TSI 
approach.  Using a standard length Philips L7-4 cable comprised 
of 42 AWG coax we have constructed a summation/connection 
interface for the catheters.  The VS system acts as both the HIFU 
power source and echo receiver to monitor heating dynamically. 

Sixteen system coax channels have been summed for each of 4 
elements of the catheter array.  Our method uses direct 
transmission line power summation without the need for power 
splitter/combiners which greatly enhances power transmission 
efficiency and simplifies the design.  The system ZIF connector is 
designed for 0.6 μH tuning inductors for each of the 64 system 
channels used; these inductors provide improved power delivery 
efficiency and system safety.  A power factor at the Vantage 
system output of 0.77 is achieved.  Each annulus of the array 
receives the power from 16 system channels; each system channel 
produces a nominal instantaneous peak power of 1.6 W; each 
summed to deliver over 11 real Watts at each transducer 
annulus.  At these output levels the summation network delivers 
over 40 W (electrical, real, peak, instantaneous) to the entire set 
of 4 transducer array elements to yield a focus intensity of more 
than 3000 W/cm2 to achieve very rapid heating. 
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 INTRODUCTION 

This device in development is designed to address the 
unmet need for transmural cardiac ablation in the treatment of 
patients with ventricular tachycardia and arrhythmias.  
Conventional VT ablations using RF ablation (RFA) can not a) 
create a deep-focused E-field, b) heat tissue uniformly, and c) 
produce consistent transmural lesions.  Therefore, a significant 
need exists for a therapy such as HIFU which can direct 
focused energy at relatively deep tissue sites.   

Further goals of this project (but not discussed in this 
conference paper due to brevity) are to offer a) a means of 
interventional guidance such as electro-anatomical mapping 
(EAM), and b) ultrasound induced thermal strain imaging (US-
TSI) temperature feedback to help determine the depth of the 
epicardial fat and to titrate low intensity heating feedback prior 
to a full power ablation.  Additionally, it is desirable to use the 
Verasonics (VS) Vantage 256TM system as both the HIFU 
power source as well as the US-TSI processing engine.   

Significant opportunities are apparent in using a system 
platform which can both support HIFU ablation and monitor 
therapeutic progress.  As described in this work, our 
Verasonics Vantage can deliver both the HIFU power levels 
necessary and utilize lesion backscatter echo data from these 
same channels.  We are able to use this capability at unusually 
high frequencies suitable for very rapid ablations of near field 
HIFU targets.   

Our primary focus here describes the on-going development 
in the use of the Vantage system as a high frequency HIFU 
power source. The optimized power summation design we have 
found is shown in Fig. 1 for the support of a single array 
element.  To achieve a tissue focal intensity > 2000 W/cm2, the 
goals are to a) require less than 8 Watts per channel (avg.) de-
rated by the HIFU frequency of operation in units of MHz (i.e. 
< 1 W/chan. at 8.92 MHz), b) use standard length L7-4 cable 
and optimize the total number of channels to use, c) use a 
catheter cable length ≥ 0.75 m., d) achieve a power factor > 
0.75, and e) yield a safe cable design for all loading conditions. 

 
Figure 1.  Design for power summation using full length L7-4 cables.  One of 
four cable summation networks is shown.  Each spherical array element 
receives 8.92 MHz transmission line summed power from 16 system channels. 
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I. METHODS 

A. Early Transducer and Rationale for “micro-HIFU”   

We have demonstrated the basic functionality [1] of our 
small spherical annular array and its ability to be used 
simultaneously with the Verasonics Vantage as both a high 
frequency HIFU power source as well as a thermal strain 
processing platform.  The annular array is packaged in a 3D 
printed shell made for deployment on the end of a 7 Fr catheter 
for epicardial use.  The array specifications are in Table I. 

Based on early HIFU work at elevated frequencies [2] we 
calculate that a 9 MHz ablation intensity of no more than 1500 
W/cm2 over 0.2 seconds is sufficient to achieve the CEM43 for 
muscle tissue [3].  Our approach is to utilize these very short 
bursts by sequentially stepping through a lesion target region of 
4x4x4 mm3.  For the 7 mm diameter spherical array with a total 
aperture area of 0.41 cm2, an aperture acoustic power of at least 
635 mW is required.  Array construction improvements are 
being made; we had used our 10 μm CO2 laser but now have 
greatly improved the array backside element definition by 
using the IMRA (IMRA App. Dev. Center, Fremont, CA) UV 
femtosecond laser (Fig. 2).  Our early transducer prototypes 
have only minimal mechanical tuning providing only modest 
piezoelectric coupling efficiency; improvements are planned.   

The power summing design has evolved from early use of 
custom assemblies of ferrite toroid based power combiners.  
These power combiners were abandoned due to the complexity 
and lack of general coupling efficiency.  Our current approach 
is very simple, but requires accurate modeling for success. 

TABLE I.  SPHERICAL ANNULAR ARRAY TRANSDUCER PARAMETERS 

Design Parameter Value 

Array Diameter 7 mm 

Radius of Curvature 7 mm 

Frequency  8 to 10 MHz 

Elements 4 

Intensity Gain at focus 1294 

Tx Sensitivity 28 kPa/V 

TABLE II.  CABLE MODELING PARAMETERS FOR 8.92 MHZ OPERATION 

Normalized Coax 
Parameter 

L7-4  
42AWG Coax 

Catheter  
38AWG Coax 

wire resistance  r_L7  = 8.8 Ω/m r_C  = 4.1 Ω/m 

coax capacitance  C_L7 = 102 pF/m C_C = 103 pF/m 

coax inductance  L_L7 = 393 nH/m L_C = 270 nH/m 

 
 

 

 

 

 

Figure 2.  The multifunctional spherical annular array concept at left; the UV 
laser isolated spherical array elements at right.  Entire array diameter is 7 mm. 

B. Power Summation Development  

The Verasonics Vantage 256 and L7-4 cable have been 
configured to address the HIFU power requirement, Fig. 3. 

 

 

 

 

 

 

Figure 3.  The Verasonics Vantage 256 system and PC (left); the distal edge 
connectors of the L7-4 cable with the original manufactured array removed 
(right).  Our summation PCB simply plugs into the edge connectors.  

In our selected general spectral range, the available Vantage 
system frequencies (for both TX and RX) are limited to:  
6.9444, 7.8125, 8.9286, 10.4167 MHz. We have used both 
SPICE models as well as an analytical circuit models using two 
port network analytical methods to describe the spectral 
performance of the summing circuit and to find an early power 
distribution design for this device which can be considered 
optimal in the sense that it satisfies the list of design objectives 
mentioned above.  The terms described here are either a two 
port electrical network (e.g. N_xx), or a complex impedance 
(e.g. Z_xx) or resistance (e.g. R_xx; skin effect resistance).  The 
radian frequency, ω, is used interchangeably with 2πf. 

 
Figure 4.  The two port network components to support the superposition 
model power delivery scheme for one of four spherical array elements. 

 
Figure 5.  The “front end” components (a), and the model parameters of the 
single annulus element model (b).  Note “Rx” is the power delivery target. 

The circuit analysis is performed with two port networks as 
well as SPICE modeling.  The complete network assembly is 
shown below with references to components shown in Fig. 4.  
We define the complete launching network A as [ ] =  _ ( ) =  1 _ ( )0 1   , 
where _ ( ) = _ ( )  +  _ ( ).  The Z_source(f) 
term (Fig. 5) is the source impedance of the Vantage 
individual transmitter output comprising a 5 Ohms and 1.4 μH 



inductor in series, while the Z_tune(f) is the tuning series 
inductance which both improves the power coupling to the L7-
4 cable and protects the Vantage system transmitters during an 
open-circuit loading condition at the distal end of the L7-4 
cable.  The network for the L7-4 includes the relatively 
significant skin-effect resistance in the propagation constant; 
the cable model is [ ] = _ ( ) =  cosh ( 7( ) ∙ 7) 0 7( ) sinh ( 7( ) ∙ 7)0 7( )  sinh ( 7( ) ∙ 7) cosh ( 7( ) ∙ 7))  

 

where the characteristic impedance is 0 7( ) =   _ __  . 
The L7 cable parameters are length-normalized; values are in 
Table II.  The cable resistance per length is actually frequency 
dependent [4], but since we’re most interested in the operation 
around the 8.92 MHz frequency of interest the value is 
calculated taking skin effect into account at this particular 
frequency.  The propagation constant includes the loss terms 
in the cable character and will be in the form of α(f) + jβ(f) in 
units of m-1.   Computationally the propagation constant is  7( ) = ( _ 7 + _ 7) ∙ _ 7 , and L7 is coax length. 

Since we are first assembling the “single pathway” model 
in superposition operation we consider the N-1 cables to be all 
in parallel with the “single path channel” and their sources are 
all grounded yielding the two port for all N-1 parallel cables as [ ] =  _ ( ) =   1 0( _ 7( )) 1 _

 

where the shunt  impedance Z_outL7(f) is the L7 cable input 
impedance looking back into each distal end of a particular 
single L7 cable coax with the proximal end shorted to ground 
(i.e. VS source is grounded).  The calculation for Z_outL7(f) is _ 7( )  = 0 7( )  _ ( )  +   0 7( ) ∙ tanh ( 7 ∙ 7)0 7( )  +   _ ( )  ∙ tanh ( 7 ∙ 7) 

For the catheter cable we can consider numerous types of 
conduits as shown in Fig. 6, but a 38AWG 50 Ohm coax was 
chosen based on reasonably low resistive losses without being 
too large.  A similar two port characterization can be made for 
the catheter cable as [ ] = _ ( ) = cosh ( ( ) ∙ ) 0 ( )  ∙ sinh ( ( ) ∙ )0 ( ) ∙ sinh ( ( ) ∙ ℎ) cosh ( ( ) ∙ )  

where the characteristic impedance is  0 ( ) =   _ __  .  
The catheter cable complex propagation constant is ( ) = ( _ + _ ) ∙ _  ; LC is catheter coax length. 

The final two port networks utilize the Butterworth Van 
Dyke tank circuit model for a single annulus element.  The 
bulk capacitance is a shunt element network, the series 
resonant components of Cx and Lx, followed by R_xd, are 
series element networks.  These two port networks are  [ ] = _ ( ) =  1 0_ 0( ) 1    where   _ 0( ) =  0, and 

C0 is the bulk capacitance in the tank model. [ ] =  _ ( ) =  1 _ ( )0 1   where   _ =  +  , and 

Cx and Lx are the series resonant terms in the tank circuit. [ ] =  _ _ ( ) =  1 _0 1   where R_xd is the real part of the 

series resonant tank circuit model for the transducer which 
accounts for both the dissipation and acoustic terms.  This 13.2 
Ohm R_xd resistor is the target of the applied electrical power 
from the system. 

The entire two port matrix can now be assembled as   _ ( ) = [ ][ ][ ][ ][ ][ ][ ].   
By taking the inverse of the first row, second column 

matrix element of the N_total(f) result matrix, we obtain the 
spectral response of the short circuit current through the R_xd 
resistance divided by the input voltage (i.e. Vs in Fig. 4), or _ ( ) =   _ ( ) , . 
Finally, we can arrive at the spectral voltage across the R_xd 
resistance as a ratio of the input voltage Vs; this is plotted in 
Fig. 7.  To obtain the superposition sum of all N cables we can 
multiply this result by the total L7 cable count which is  _ ( ) =   _ ( )  ∙ _ ∙ _ . 
 

 
Figure 6.  Relative sizes of catheter cables for consideration.  The L7-4 coax 
is 42AWG 50 Ohm; the catheter uses 38AWG 50 Ω coax as a good 
compromise between a desired large size coax and catheter flexibility.   

II. RESULTS      

A. Assembly and Testing of the Verasonics Interface 

We wish to operate the power summing circuit efficiently 
and with a minimum power draw from the Vantage system.  It 
makes sense then to use as many system channels as necessary 
(until the point of diminishing return) while maintaining a high 
power factor rating at the L7 cable input at each channel (i.e. at 
V_L7_in as shown in Fig. 5a).  Since the Vantage system can 
produce 8 Watts of continuous power at low frequency (e.g. 1 
MHz), it is reasonable that we would seek to de-rate the output 
power by the frequency in use.  In this manner we wish to keep 
the apparent power drawn from each transmitter to no more 
than 8/8.92 Watts in an average power sense.  In actual 
operation our transmit duty factor will never be greater than 
50%; a reasonable upper limit on the instantaneous power 
output for each Vantage system channel is (8/8.92)/0.5 = 1.8 
Watts of apparent power. 

 
Figure 7.  The spectral transfer function from two models to verify our 
computational accuracy of the power delivery scheme shown in Fig. 1.   



 
Figure 8.  The spectral transfer function for 4 cases with different number (N) 
of L7-4 coaxes.  Although we see almost a power doubling with a doubling in 
N, we only require a cable count high enough (N=16) to assure the average 
system power for each channel is below the 8 /8.92 ~ 1W specification.  The 
spectral peak does drop in frequency with higher N; to compensate, this would 
require either a shorter L7-4 cable, or a shorter (or more massive coax) for the 
catheter cables.  These considerations contribute to our final design in Fig. 1.   

While using the 0.6 μH tuning at the ZIF PCB of the L7-4 
cable, 16 full-length (i.e. 2.3 m) L7 coaxes, a 38 AWG 50 Ohm 
coax at 0.75 m in length we find that the input impedance 
looking into an individual cable at V_L7_in (see Fig. 5) is 42 
Ohms at -40 degrees.  Under these conditions the impedance 
seen by the 5 Ohm internal “bridge” circuit of the transmitter is 
61 Ohms at + 58 degrees.  For a V_GUI (i.e. Vantage system 
internal ideal voltage source, and treated as a user input from 
the VS GUI control panel) of 17.5V the real power delivered to 
the cable input (at V_L7_in) is 1.22 Watts and the apparent 
power is 1.58 Watts which produces a power factor of 0.77.  
Note that with a duty cycle of < 50% the total average output 
per channel is held less than the 1 W maximum we use as a 
design guide. 

As shown in Fig. 7, the transfer function produced by our 
final design has been reasonably optimized to produce a 
voltage at the R_xd resistor of approximately the V_GUI 
voltage of the system.  With the conditions mentioned above, 
this 17.5V peak voltage at the 13.2 Ohm R_xd resistor 
produces 11.6 Watts (peak) of real power at the transducer.  
Using the real power sourced by the system of 1.22 Watts 
(peak) per channel and with 16 total cables, this means the real 
power efficiency in the cable system is about 11.6/(16 x 1.22) = 
0.6, or 60% in efficiency. 

III. DISCUSSION AND CONCLUSIONS 

From our earlier work [1], we have estimated the transducer 
transmit sensitivity to be about 28 kPa/V and the de-rated 
intensity focus gain to be about 900.  Considering this, along 
with a transducer element peak voltage of 17.5V, the aperture 
intensity is about 8 W/cm2 and tissue focus intensity is 
expected to be in the region of 7000 W/cm2.  By using the 
short-burst heating scheme, higher intensities are possible by 
lowering the effective duty cycle used.  It is anticipated that a 
small discrete volume of tissue is heated to well beyond 
CEM43 in a fraction of a second, and many bursts are needed 
to treat the desired 4x4x4 mm3 volume. 

Careful consideration is needed in the selection of the 
tuning element in Fig. 5a.  Beyond the use of the tuning 
component for efficient power delivery by the system, there are 
important safety reasons to use a small inductor (e.g. 0.6 μH).  
For example, in the event that the L7-4 cable has a distal open 
circuit load condition, the apparent power can be large in the 
cases of no tuning component, and very large for a series-
capacitor tuning element.  To illustrate, we examine a few 
cases to amplify this peculiar phenomenon.  Firstly, if a 0.6 μH 
tuning component is used with the V_GUI selected at 17.5V, 
and with the L7-4 distal open circuit condition, the cable will 
draw 0.86 Watts of apparent power.  However, with no tuning 
component the apparent power will rise to 8.8 Watts, and 
further in using a 390 pF series tuning will create a draw of 
over 27 Watts, or 31 times more power than with the small 
inductor tuning component.    

In summary, the power delivery design which utilizes an 
existing length L7-4 cable assembly has satisfied several key 
specifications to enable this technique for safe and effective use 
on the Verasonics Vantage system.  Simulations have indicated 
that 16 L7-4 coax cables would satisfy a reasonably low power 
draw from the system.  The catheter cabling required the 
largest coaxes possible at a relatively short catheter length; 
greater catheter lengths are possible with coaxes which are 
lower loss (e.g. larger).  Shortening the L7-4 cable (which is 
comprised of relatively small and lossy 42AWG coax) would 
have been desirable from a performance perspective, but we 
elected to maintain the length for construction simplicity. 
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