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Abstract—A 5V input closed-loop laser diode driver is
proposed for portable photoacoustic imaging applications. It
integrates a compact, reconfigurable switched-capacitor
charger that can achieve continuous voltage-conversion-ratio
to regulate released charge (AQc) and adapt to repetition
frequency (fre) with a closed-loop control. A multi-step
charging scheme is applied to achieve a near-optimal state-
change timing. The driver can charge the output capacitor to
over 32V, achieving a 31% efficiency improvement and
delivering stable laser pulse energy up to 46pJ/cycle.

Keywords—Photoacoustic
Reconfigurable

imaging,  switched-capacitor,

1. INTRODUCTION

Photoacoustic (PA) imaging systems use high-energy
laser pulses to illuminate tissues, with the generated PA
waves detected by ultrasound probes to create non-invasive
images [1-4]. PA imaging offers deeper tissue penetration
and higher spatial resolution compared to optical imaging,
and less image noise and greater sensitivity than ultrasound.
For low-voltage powered portable PA systems, compact and
cost-effective laser diode (LD) drivers are desirable, as
shown in Fig. 1. Unlike LD drivers used in LiDAR
applications [5-8], which targets for the ultra-narrow laser
pulses, the PA imaging systems allow up to 200ns pulse
widths and relatively low repetition frequency frp
(50Hz~1kHz) [9]. Instead, they demand high energy
(>20uJ/cycle) and highly stable laser pulses for high-
performance imaging [4].

Fig. 1 illustrates a typical LD driver with fast capacitive
discharge, in which the energy stored in capacitor C is
released through an LC resonance circuit to generate pulses.
The capacitor then slowly recharges via a boost converter
and a current-limiting resistor Rc. However, as shown in Fig.
2, large voltage difference AV results in the same amount of
energy being wasted on Rc as is stored in C (or released to
LDs) in each cycle. Hybrid Boost topologies can improve
efficiency at high conversion ratios [7], but this fundamental
limitation keeps overall efficiency below 50%. Additionally,
the bulky inductors in conventional or hybrid boost
converters also increase system size. Alternatively, the step-
up switched capacitor (SC) converter effectively reduces
charge sharing losses by dividing the charging process into N
steps [10]. However, it is tailored for fixed voltage
conversion ratios (VCRs) and does not support closed-loop
control for continuous VCR adjustments. Additionally, the
necessity for N off-chip capacitors increases both the system
volume and weight. Another concern for the conventional
schemes is that the charge released in each cycle AQc is
unregulated, making the pulse stability susceptible to
variations in the parameters of the LDs, which will affect the
imaging quality.

Portable Photoacoustic Image System
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Fig. 1. Portable photoac:)ustic (PA) imaging and typical LD driver.
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Fig. 2. The possible solutions with the previous boost and step-up
SC converters and the proposed closed-loop SC charger.

II. PROPOSED LD DRIVER FOR PORTABLE PA IMAGING

A. Proposed LD driver

To address the aforementioned challenges, we propose a
compact, reconfigurable switched-capacitor (SC) charger
featuring an adaptive multi-step charging scheme with
regulated pulse charge (Fig. 2). This design achieves a
charge-sharing loss reduction comparable to the method in
[11]. Unlike approaches that require complete charge at each
stage, our design transitions between states based on charge
current detection, which enables precise control over the
charging speed and AVc. Specifically, the charging current
(Ic) is continuously sampled and compared to a reference
current; when the sampled current falls below the reference,
the system transitions to the next state. By adjusting the
reference current magnitude, the design achieves near-
optimal state-change timing regardless of variations in
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Fig. 3. System architecture of the proposed LD driver.

equivalent output resistance across different states, ensuring
full utilization of each stage while reducing system size by
eliminating the need for inductors. The detailed control logic
and circuit implementation will be discussed in section III.

B. System Architecture and Reconfigurable Power Stage

The system architecture (Fig. 3) includes a reconfigurable
step-up SC power stage and a controller with digital control
logic, charge current sensor, AVc sensor, and negative V¢
prevention circuit.

The SC power stage cascades a 2-stage series-parallel (SP)
SC with a 4-stage cross-coupled Dickson SC. The SP stage
employs off-chip capacitors (C; and C;) to provide adequate
driving capability, while the Dickson stage uses on-chip
capacitors and 5V isolated transistors for operation at higher
frequencies. Only one 16V (Mg) and two 12V (M4 and Ms)
HV LDMOS are utilized. In the SP stage, switches M; and
M; are driven via voltage borrowing from capacitors C; and
C, because their sources are connected to the bottom plates
of these capacitors. Switches M3 and My are directly driven
by 2Vpp generated by an on-chip bootstrap. The cross-
coupled Dickson SC structure does not require additional
driver circuit, reducing the complexity and power
consumption. A multiplexer selects the Vinx on Dickson
capacitor (Cpx) to determine whether Vpp or 1/2Vpp is used
as the driving supply in different charging states.

The SC can be configured into 7 states (Fig.4), thereby
providing a step-up conversion ratio ranging from 1 to 7.
The SP stage uses off-chip capacitor, offering greater drive
capacity and a faster charging speed compared to Dickson
stage, so the output capacitor is preferentially charged by SP
stage. When N=1, Vpp directly connect to output though a
schottky barrier diode (SBD). For N=2, 3, the output of SP
stage is connected to the output through an SBD. When the
Dickson circuit is engaged, the input voltage is boosted by
Vpp or 1/2Vpp at each stage, resulting in a Dickson circuit
VCR of 2 or 4. For states N=4, 5, 6, and 7, both the Dickson
and SP circuits operate together to achieve the target VCR,
with the specific VCR of each circuit provided in the table.
This configuration ensures that the voltage across the flying
capacitor increases incrementally at each step, providing a
stable rise in V¢ during state transitions.
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IIT. CIRCUIT IMPLEMENTATION

The digital logic flowchart in Fig. 5 shows that, after each
Vpurse, the power stage resets to a conversion ratio of 1
(STATEIL, N=1). A charge current sensor detects Isensk,
which compares to a reference current (Irgr) to determine the
timing for state transitions. A AVc sensor connected to V¢
records the voltage at the start and end of the discharge
period, obtaining AV¢ and outputting Vou and Vor to adjust
the value of Irer, which in turn affects the state- change
timing. This feedback can regulate AVc¢ and ensure a stable
pulse energy.

As shown in Fig. 6, during capacitor charging in each
state (e.g., STATE X), as V¢ approaches X-VDD, both the
charging current Ic and the changing slope of V¢ decrease.
Since Ic is significantly larger than Isense, and the voltage
variation on Vs is minimal, the monitored current Isgnse is
approximately proportional to Ic. An auto-zero dynamic
comparator shown in Fig. 6 is used to accurately compare
Isense with Irer and to determine the state transition timing.
The current difference of Isense and Irer is amplified by the
preamplifier with offset compensation and sampled by the
latch. Isense is large at the beginning of each state and
gradually decrease. Once it drops below Irer, Virg goes
high, triggering the transition from STATE X to STATE
X+1. It is noted that Irer is a 6-bit reference current
controlled in a closed loop, and its value is adaptively
adjusted to accommodate different frp and required AVe. If
AV is higher than expected, the digital logic will decrease
Irer, hence the timing of state change will be delayed,
slowing down the speed of charging. The V¢ as well as AV¢
will drop until AVc reduces to the target voltage after a few
cycles. The adaption to different frp can be achieved with
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Fig. 6. Proposed charge current sensor.
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Fig. 7. Proposed AV sensor and negative V¢ prevention circuit.

this control method. If frp increases, AV will decrease. As a
result, the controller will automatically increase Isense until
AV reaches its expected value. For a large range change of
frp, the frequency of SC circuit (CLKX) should also be
adjusted. In this closed-loop control scheme, Isense only
needs to be proportional to Ic, without requiring precise
accuracy in the ratio of Cis to C.

The AVc sensor (Fig. 7) samples AV by using capacitor
voltage division and obtains Vou and Vor. The operation of
AVc sensor is divided into charging, sampling, and
discharging phases. In charging phase, V¢ charges the
capacitor Cvs with a ratio of K (the ratio of Cvs, and Cys)).
In the sampling phase (triggered by CKs), voltage Vv is
sampled by the two comparators. The sampled voltage Vu
depends on AV instead of V¢ because the initial voltage of
Cyvsi OV. It enables precise detection of discharge energy, or
pulse energy. In the discharging phase after the pulse in CKs,
Cys> is discharged to ensure the initial voltage on Cys; is OV.

The negative V¢ prevention circuit samples V¢ after the
discharge period. Generally, the higher the peak value of V¢,
the more likely its lowest value after LC resonance discharge
will become negative. When the circuit detects that V¢ has
dropped below Vrgrgrr, it outputs a high-level Vgr. The
controller then maintains Irer and the loop state to prevent
further increases in the peak value of V¢, thereby avoiding
negative V¢ and potential damage to the chip.

IV. MEASUREMENT RESULTS

The proposed LD driver was fabricated using a 0.18um
HV BCD process. Fig. 8 shows the chip and PCB photos,
along with the component list. A 6nH inductor provides
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Fig. 8. Chip photo, PCB photos and component list.
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sufficient inductance for the LC resonance loop. By using the
proposed closed-loop multi-step scheme with a typical Trp of
6 ms, an 80nF output capacitor is charged to 32.6V with 70%
efficiency (Fig. 9). In contrast, efficiency drops to 39% with
an open-loop fixed state (STATE7) under similar conditions.
This result shows that the loss of charging is decreased by
31% though step-up charging. The results show smooth state
transitions from STATEl to STATE7, with occasional
consecutive Vrrg signals, which are mitigated by the digital
controller’s internal blanking function. The measured
efficiency versus frp with closed-loop control at 1MHz
switching frequency is also shown in Fig. 9. Fig. 10 shows
V¢ can be regulated to different voltage at the same frp and
keep the same voltage at different frp. The charging speed
and reference current in current sensor can be adjusted by
closed-loop control. In addition to the closed-loop control,
switching frequency also needs to be adjusted for extreme frp
conditions. Table I compares this work to state-of-the-art
designs. There is no thesis about driver of PA imaging
system, so the references are LIDAR LD drivers. Compared
to LiDAR LD drivers, this design offers a compact, efficient
(70%) solution with high laser pulse energy (up to
46pl/cycle) for portable PA imaging. The functions of AV¢
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Fig. 11. Measured waveforms of circuit functions.

TABLE I. Comparison with state-of-the-art LD drivers

Parameter This Work | JSSC 2024[5] | JSSC 2023[6] | JSSC 2023[7] | ISSCC 2019[8]
Application PA Imagin: LIDAR LIDAR LIDAR LIDAR
Process 180nm 180nm 180nm 250nm 55nm
Adaptive to fr yes no no no no
Pulse Charge
(AQC) Regulation e " no n no
Inductor in Charger no no no yes no
Max. Charging 70% N/A N/A <50%* N/A
Efficiency
Reverse Current
Protection yes no no no no
Integrated
Step-up Charger yes n no yes no
LD Driver Type | C2Pacive | Double-pulse o oo | CaPACVE | or oo
Discharge Overlapping Discharge
Input Voltage 5V 20V 1.8V 4-40V 10V
Bus Voltage 33V 20V 125V 60-80V 10V
Pulse Repetion 1KHz 30MHz 10MHz 5MHz 200MHz
Frequency
Peak Current 28A 12A, 15A 8.5A 40A 28A
P“F',s:r E;‘C’lfy 46pJ (2LDs) | 300 203nd* | Notreported |  180nJ

* estimated data

sensor and negative V¢ prevention are verified with the
measured results in Fig. 11. Since accurately measuring the
high pulse current is challenging, we estimate it indirectly by
comparing the tested output waveforms with simulations
under identical conditions.

V. CONCLUTION

The proposed LD driver circuit can provide high power
laser pulses for portable PA imaging and achieve a
maximum efficiency of 70%. The proposed voltage
converter can change the charging state by detecting the
charging current, and produce required output voltage under
different pulse frequencies. A reverse current detection
module is added to the LD driver circuit to avoid the damage
of LD by reverse current. The proposed boost converter
adopts step boost to the capacitor, which greatly improves
the efficiency of the system.
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