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A B S T R A C T   

Peak power is a critical factor for sub-nanosecond-pulsed transmitters utilizing laser diodes (LD) and applied to 
long distance LIDARs (light detection and ranging) for drones and automotive applications. Receiver speed is not 
anymore a limiting factor thanks to replacing linear (typically avalanche) detectors and a broad-band amplifier 
with a single photon avalanche detector (SPAD). Consequently the transmitters become the bottle neck in the 
resolution and ranging. The simplest and lowest-possible-cost transmitter consists of a switch, an LD, a storage 
capacitor C, and unavoidable parasitic loop inductance L. In the resulting resonant circuit, the principal problem 
consists of suppressing relaxation oscillations. Traditional way of oscillation damping reduce peak current and 
increase the pulse width. Here we show that specific transient properties of a Si avalanche switch solves the 
problem automatically provided the inductance is sufficiently low. This finding advances the state-of-the-art by 
reaching 90 W/1ns/200 kHz pulses from a miniature low-cost transmitter based on Si avalanching bipolar 
junction transistor (ABJT). Besides, the same self-damping effect may be realized in other switches maintaining 
significant residual voltage despite of fast current reduction.   

Introduction 

Growing demands for long-distance (>300 m) high-precision (~10 s 
of cm) LIDARs, as one of the most important sensor systems in un-
manned aerial and ground vehicles, stimulate development of minia-
ture, low weight, low cost, short (ns/sub-ns)- pulsing optical 
transmitters [1–6]. Rapid development of SPADs and their applications 
in LIDAR [7–10] have eliminated the need for noisy, broad-band am-
plifiers when detecting sub-nanosecond pulses. Consequently, the time- 
of-flight (TOF) resolution and distance are limited by a transmitter. 
High-power wide-stripe LD arrays used in long-distance LIDARs should 
operate in quasi-steady–state mode. Indeed, they cannot provide well- 
temporally-synchronized gain-switching spikes emitted by entire 
transmitting area. Thus one should hardly count on development of 
picosecond-duration high-power transmitter utilizing broad-stripe LD, 

and accept instead sub-ns optical pulse duration that is larger than a 
lasing delay. (The last one ranges from ~0.1 to 0.5 ns depending of the 
diode structure and parameters of the pumping current pulse). Conse-
quently the optical pulse duration from a transmitter should optimally 
be between ~0.5 and 1 ns. Corresponding quasi-steady-state laser pulse 
is sufficiently short for providing sub-decimetre resolution of a long- 
distance LIDAR that provides a factor of ~3 to ~5 win with respect to 
the state-of-the-art. Peak optical power should be as large as possible, 
and some of reported transmitters are capable of ~100 W peak power for 
sub-ns pulses using various special measures [11–13]. For real-world 
applications, however, we see an important challenge in the approach-
ing (and exceeding) ~100 W level at ≤ 1 ns pulse duration from a 
simple, low-cost transmitter utilizing commercial laser diodes. Other 
requirements are negligible weight (for application in drones) and 
compact external circuit with low power consumption for driving the 
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miniature transmitter. For the solution of this task commercial broad- 
stripe stack laser diodes providing 2–3 W/A (LCC Inc., OSRAM) 
should be combined with a high-current (>20A) miniature sub-ns 
switch. Very promising are picosecond (ps)/sub-ns, high-current (up 
to ~100A [14,15]) GaAs-based avalanche switches [14–17], which are 
still in research stage, however. Main trend is towards GaN transistors, 
which reached so far a moderate power (well below 100 W) on account 
of relatively large ~2–2.5 ns pulse duration in a simple, miniature, high- 
current assembly utilizing commercial LDs [18,19]. Surprisingly, a 
transmitter based on Si ABJT [20] is looking nowadays as one of the 
most promising candidates for the commercial use on account of highest 
for sub-ns pulses (peak power)/(pulse duration) ratio, simplicity, small 
size and expected production price. Main challenge consists in reliable 
operation at a high repetition rate, which can exceed 200 kHz, however, 
for ~60 W/1ns transmitter [21]. (Those our recent findings contradict 
common but outdated opinion that high-current Si ABJT have high- 
power dissipation and can operate at maximum repetition rate below 
20–30 kHz). 

At short (sub-ns) pulses very challenging becomes a problem of 
inevitable relaxation oscillations that appear in simplest transmitter 
composed of LD, a switch, storage capacitor and parasitic inductance of 
the switching loop. Indeed, a reduction in the capacitor value increases 
the wave impedance of LC circuit (see below Section “Transmitter And 
transient Peculiarities”), while parasitic loop inductance cannot be 
reduced below certain limit determined by the size and geometry of the 
components. Obviously multiple optical pulses instead of clean single 
pulse are not acceptable for time-of-flight LIDAR technique. Direct so-
lution of the problem is the oscillation damping by adding a serial 
resistor (losses) in the loop, which both reduces the peak current and 
may cause very significant increment in total parasitic inductance 
depending on the assembly layout. (In the later case the peak current/ 
optical power reduce, and the pulse duration increases still further). 

Smartest way of the oscillations suppression in GaN-based trans-
mitters, for example, would be fast (ns) control of the channel conduc-
tivity: it should be minimized during the pulse formation and then 
promptly increased for the oscillations suppression. Consequently, the 
oscillations have been supressed without a reduction in the peak power. 
A challenge of this approach consists, however, in significant compli-
cation in the gate driver, especially because of relatively large gate 
capacitance and inevitable parasitic inductance in the gate-driving loop. 

In this paper we show that this problem is automatically solved in 
miniature, sub-ns, simplest possible Si ABJT-based transmitter without 
any effort from our side. Namely, a phenomenon of self-damping is 
introduced and interpreted: a delicate, but very useful for applications 
device effect. We show that self-damping is an intrinsic property of the 
avalanche switching transient in Si ABJT that manifest itself at sub-ns 
pulses, provided an inductance of the transmitter assembly below 

certain critical value were realized. As further shown in this work, it 
increases the quality criterion (peak optical power)/(pulse duration) by 
a factor of 2–4 with respect to an analogous-in-switching-speed, linear- 
regime current driver. In certain sense, this paper supplements the re-
sults presented in Ref. [20] in which an assembly was suggested 
permitting drastic reduction in parasitic inductance. The last one made 
it possible to find and interpret important for applications phenomenon, 
reported here. 

Transmitter and transient peculiarities 

The transmitter scheme, shown in Fig. 1(a), is actually a resonant 
circuit in which the capacitor C0, initially charged to a voltage U0, dis-
charges across the avalanching BJT switch after triggering, and forms a 
current pulse of duration tw and amplitude Im [20]: 

tw ≅ 2 ×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LP × C0

√
(1)  

Im ≅
U0 − UR − ULD

̅̅̅̅
LP
C0

√
+ RL

(2)  

where UR is residual voltage across the switch by the end of the 
switching transient and ULD is the voltage drop across the laser. 
(Simplified approach utilizing relations (1) and (2) assumes infinitely 
fast switching between the levels U0 and UR. This approach does not 
pretend on an accuracy better than ~10%, and thus the voltage drop 
ULD < 6 V across LD can be neglected. Relations (1) and (2) can be 
instructive in qualitative analyses of the experimental results, but much 
more accurate computing requires transient physics-based device sim-
ulations to be combined with external LCR circuit). 

In our case, a load connected in series with the capacitor is absent 
(RL = 0) and relaxation current oscillations are expected provided that a 
characteristic impedance ρ = (LP/C0)1/ 2of the LC circuit is larger than 
internal resistance Ri of the switched-on transistor, which determines 
the power dissipation. (In this case Ri replaces RL in formula (2), while 
the LD resistance is neglected). 

There are two physically understandable components of Ri. One is 
resistance of the switching channel across n0 layer (of area ~10-5 cm2) 
on account of conductivity modulation by electrons and holes in the 
“on” state. Its estimate [20] at different switching conditions yields 
values between 0.1 Ω and 1 Ω. Another component can be associated 
with the conic current spread from the end of the conductive avalanche 
channel towards highly doped sub-collector substrate, which estimate 
provides the value well below 1 Ω. Evaluated empirically in Ref. [20] Ri 
was always below 1 Ω, and any value of ρ exceeding 1 Ω should result in 
the relaxation oscillations. (Those oscillations are harmful for applica-
tions, since they may cause optical after-pulsing.) 

Fig. 1. The schematic (a) and the assembly top view (b) presenting simplest possible transmitter utilizing low-inductance layout suggested in Ref. [20] and a special 
single-layer film capacitor (SLFC). Different types of ABJT and laser diodes (LD), and different capacitor values can be used, while entire parasitic inductance LP of 
the circuit loop does not exceed 1nH and reaches (according to measured optical pulses) as low values as 0.6–0.8 nH in best assemblies. 
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Let us compare the experimental results obtained in this work at low 
(≤1nH) parasitic inductance LP and varying capacitor C0 values with 
estimates of the characteristic impedance, ρ. Direct measurements of the 
current waveforms are preferable, but this requires adding a load 
resistor RL to the circuit. Adding a load resistor is not allowed in our case 
since all available resistors have sizes and shapes, which would increase 
parasitic inductance in the transmitter circuit drastically (well above 
1nH). Thus, we used the LD optical response as both a measure for the 
current pulse amplitude, and as evidence of the presence or suppression 
of oscillations. The experiments used laser diode 905D1S3J03U, LC Inc.; 
https://www.lasercomponents.com, which would allow observation of 
relaxation oscillations provided their amplitude exceed the diode 
threshold current of ~0.5A. 

As discussed above, we are interested in pulse durations between 0.5 
and 1 ns. Using formula (1) and LP ~1 nH we obtain corresponding 
capacitance range to be within 50–400 pF. Measured optical responses 
using an avalanching BJT with a collector-base breakdown voltage of 
~140 V are shown in Fig. 2. Tab.1 presents the measured optical pulse 
durations (FWHM), and the current pulse amplitudes defined as the 
measured optical power divided by the laser diode efficiency 2.3 W/A. 

Parasitic inductance LP estimates in each particular transmitter are 
obtained using formula (1) and measured optical pulse durations tW. 
These inductance values have been used for evaluation of characteristic 
impedance ρ = (LP/C0)1/ 2 values. (This approach may underestimate 
the parasitic inductance LP in cases when lasing delay becomes com-
parable with the pulse width. That would mean that measured optical 
pulse should be shorter than the corresponding pumping current pulse. 
This also underestimates ρ value in Table 1 that means even higher 
chance of relaxation oscillations to appear in the experiment.) 

Damping of the relaxation oscillations in silicon ABJT 

Energy balance 

A physically relevant method is to consider the energy balance be-

tween the energy C0×U2
0

2 initially (before switching) stored in capacitor C0 
with that dissipated in the circuit during the first current oscillation (half 
of the oscillating period, which in an ideal LC circuit is equal to π

̅̅̅̅̅̅̅̅̅̅
LPC0

√
). 

For simplicity we neglect the energy dissipation in the laser diode (see 
Fig. 1), and thus energy dissipation is entirely determined by that in 
ABJT. No second oscillation will appear in the transmitter response, 
provided the energy dissipated in the avalanche transistor within the 
first optical pulse duration will be equal to the initial energy stored in 
the capacitor C0: 

∫ π
̅̅̅̅̅̅̅̅
LPC0

√

0
(Ic(t) × Uec(t) )dt =

C0 × U2
0

2
(3)  

where Ic(t)andUec(t) are time-dependent collector current and emitter- 
collector voltage respectively. 

This trivial energy conservation requirement illustrates the well- 
known fact that in an RLC circuit, the second oscillation is dumped at 

RL ≅ ρ =
̅̅̅̅
LP
C0

√
. Indeed, let the capacitor C0 (initially charged to voltage 

U0) discharges across an ideal (infinitely fast with zero residual voltage 
UR = 0) switch, resistor RL, and inductance LP. An estimate for the en-
ergy dissipated in the resistor RL ≅ ρ during the current pulse of dura-
tion tW and amplitude Im, found from relations (1) and (2), gives: 

I2
m × RL × tw ≅

⎛

⎜
⎜
⎝

U0

2
̅̅̅̅
LP
C0

√

⎞

⎟
⎟
⎠

2

×

̅̅̅̅̅̅
LP

C0

√

×
(

2 ×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LP × C0

√ )
=

C0 × U2
0

2 

Thus we arrive at obvious conclusion that all the energy accumulated 
in the capacitor is dissipated in the load resistor RL = ρ during the first 
current pulse. 

The principal difference between this “classical” example and our 
case of the circuit containing ABJT a dissipating load resistor is absent, 
while the energy dissipation in the avalanche switch is time-dependent. 
Calculating the energy balance using relation (3) in this case requires 
detailed computing of the switching transient in the ABJT in each 
particular regime, corresponding to the experimental conditions related 
to Fig. 2. This requires physics-based numerical simulations, since the 
avalanche switching is too complicated a process for analytical 
estimates. 

Experimental and numerical results and their analyses 

We conclude from research of Si ABJTs undertaken over the last two 
decades that (i) 1-D modelling explains the main properties of the high- 
current avalanche switching, but describes experimental results only in 
particular cases [22,23], (ii) 2-D simulations provide good prediction of 
the experimental results provided the switching mode is not powerfully 
affected by 3-D effects [24,25], and (iii) 3-D transient modelling is not 
available, while quasi-3D approach allows 3-D effects to be understood 
semi- quantitatively [26–28]. With that said, in the simulations per-
formed in this work we use well-tested earlier 2-D approach with a 
“smart” (based on previous experience) selection of the semiconductor 
layers parameters and length of the operating perimeter (the emitter- 
base interface length participating in the switching). An experimental 
verification is needed anyway for verification of used in the simulations 
operating perimeter length in each particular case: only then we may 
trust the simulated voltage and current waveforms. Direct current 
measurement in our low-inductance circuit is not realistic, but we can 
use the measured power-on-time dependence of the optical response and 
take into account the known laser diode efficiency (2.3 W/A). Although 

Fig. 2. Optical pulses recorded from the transmitter assemblies presented in 
Fig. 1 for four different capacitors: 1-414pF, 2-265pF, 3-125pF, 4-47pF at an 
avalanche switch biasing of 110 V. 

Table 1 
Characteristic impedance estimates for each transmitter.  

Storage capacitor 
C0, pF 

414 265 125 47 

Measured optical pulse duration 
tW, ns 

1.14 1.09 0.75 0.42 

Evaluated from the optical response current pulse 
amplitude 
Im , A 

40 23.3 16.5 12 

Estimated from tW parasitic inductance of the 
transmitter loop 
LP, nH 

0.65 0.92 0.93 0.79 

Characteristic impedance 
ρ = (LP/C0)1/ 2, Ω 

1.25 1.86 2.73 1.30  
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transient effects associated with lasing delay, gain-switching, and the 
emission decay in the end of the pulse will create differences between 
simulated current and measured optical pulse shapes, this method has 
proven reliable for numerical data verification. Fig. 3(a)-(d) show 
simulated voltage and current waveforms for each of the capacitors. The 
simulated current pulses, scaled by the laser efficiency, are also plotted 
for direct comparison with the measured optical pulses. The time- 
dependent electrical energy ∊ in the transmitter circuit for each capac-
itor are presented in Fig. 3(e). This energy is computed as the difference 
between the energy initially stored in the charged capacitor, and that 
dissipated in the avalanche transistor by instant t using the simulated 
voltage Uec(t) and current Ic(t) across the transistor: 

∊ =
C0 × U2

0

2
−

∫ π
̅̅̅̅̅̅̅̅
LPC0

√

0
(Ic(t) × Uec(t) )dt (4) 

Reasonable agreement between measured optical pulses (3) and 
those shown by curves (4), are observed in Fig. 3(a)-(c) despite the 
simplistic current scaling by the laser efficiency. This simplification does 
not account for the laser diode dynamic, and can be applied only in 
steady-state lasing mode. These model limitations explain the significant 
difference between theory and experiment for short current pulse (d), 
when the lasing delay becomes comparable with the current pulse 
duration, and well-pronounced gain-switching (optical oscillation) is 
seen in the measured waveform. We can trust, however, to our simula-
tion results in a quasi-steady-state mode referring to the similarities 
between the curves (3) and (4) at larger capacitors (a)-(c). Thus looking 
at Fig. 3(e) we conclude that the energy initially stored in the capacitor 
C0 has been completely dissipated by the end of the current pulse, and 
thus no after-pulsing is possible due to energy conservation law. 

As we have seen form Figs. 2 and 3, no relaxation oscillations take 
place for a transistor with a given switching speed and extremely low 
inductance (≤1nH) within a wide range of the capacitor values (~50 to 
400pF). 

Now a principal question arises: why no relaxation oscillations (even at 
relatively high ρ value) have been observed in Si ABJT at extremely low 
inductance ≤ 1nH used in this work, while in the “traditional” ~3–10 nH 
inductance range the oscillations do exist? 

Sections “Criterion for the oscillation damping” and “Properties and 
role of two components of the collector voltage” are devoted to inter-
pretation of those peculiarities, and the Section “Discussions” illustrates 
their importance for applications. 

Criterion for the oscillation damping 

For making the comparison with the results illustrated by Fig. 3 we 
should consider an opposite example when the relaxation oscillations 
exist. In this example presented in Fig. 4 the inductance is increased by a 
factor of ~3, while ρ = 3 Ω is comparable to the wave impedance ρ at 
non-oscillating switching discussed above (C0 = 125pF: see Table 1 and 
Figs. 2 and 3). The pulse duration at larger inductance is increased to 
~2.0 ns, which makes this example (especially in presence of the os-
cillations) of limited practical interest. In order to compensate partly for 

(caption on next column) 

Fig. 3. Collector-emitter voltage (1) and collector current (2) waveforms 
computed for the capacitors 414pF (a), 265 pF (b), 125pF (c), and 47pF (d) 
using physics- based device simulator Atlas (Silvaco) and on account of various 
details discussed earlier in Refs. [20–24]. 2-D simulations used a Si BJT with 
collector-base breakdown voltage of ~140 V with a “standard” emitter-base 
fingers and the length of the operating emitter-base perimeter of 100 µm, 
which provided best fit to the measured optical responses. Reasonable simi-
larities between the experiment and simulations are verified by comparison of 
measured optical pulses (3) and those obtained by scaling the simulated current 
by the laser diode efficiency (4). (e) –electrical energy stored by each instant t 
in the oscillating circuit of the transmitter, calculated using formula (4). No 
oscillations can take place after the energy ∊ approaches zero due to complete 
dissipation in the transistor. 
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these shortcomings we have decided to increase significantly the peak 
current (peak power) by making use of high-voltage (~300 V) ABJT, 
resulted in 123 W/2ns optical pulse. (The switching speed for a higher- 
voltage transistor is lower [20], but it is acceptable at broaden up to 2 ns 
current pulse.) It is worth noting that practical realization of the para-
sitic inductance as low as ~3 nH without very special measures is also a 
challenging task. Furthermore, obtained here 123 W/2ns pulses would 
be interesting for applications, provided no relaxation oscillations were 
observed, see Fig. 4. 

Comparison of Fig. 3(e) and (d) shows that electrical energy ∊ in the 
circuit is entirely consumed by the end of the first current pulse at low 
inductance, and is not consumed at the larger inductance. In the latter 
case initially stored in the capacitor energy is consumed only after the 
second oscillation, by an instant t > 10 ns. 

Let us try to formulate a criterion that answers the question: why 
very low inductance can lead to the oscillation suppression despite of 
comparable ρ values? 

(i) The energy dissipation is strongest if the current pulse peak 
overlaps most efficiently with the time range in which the collector 
voltage remains highest. In other words, the closer the peak of the 
current pulse to the left-hand-side of the collector voltage ramp 
(beginning of the switching), the more effective suppression of oscilla-
tions. (ii) The current pulse duration tIW can be controlled by a circuit 
designer, (see relation (1)), while the shape and characteristic duration 
tV
r of the collector voltage ramp are determined by hardly controllable 

carrier transport and impact ionization in the transistor structure. We 
suggest a simplified but functional claim that no oscillations will take 
place if tIW < tV

r (see Fig. 3), and that the oscillations will otherwise occur 
(see Fig. 4). The current pulse duration tIW can be controlled by selection 
of LP and C0 values, while even a definition of voltage ramp duration tVr is 
a delicate matter that requires special discussion given below. 

Properties and role of two components of the collector voltage 

Let us compare in details the transients for “non-oscillating” 
switching (1nH/265pF/110 V) presented in Fig. 3(b), and “oscillating” 
switching (2.8 nH/300 pF/290 V) presented in Fig. 4. Fig. 5(a) shows the 
simulated voltage and current waveforms for those two cases merged for 

clarity, while Fig. 5(b) and (c) show the electric field profiles in each of 
the transistors at different instants. A definition for tVr introduced 
graphically in Fig. 5(a) looks arbitrary by first glance, but the electric 
field profiles in Fig. 5(b), (c) allow the physical sense of this definition to 
be understood. The voltage across switching-on avalanche transistor 
consists of two components. One is ionizing field domain (IFD, see 
Ref. [20] and references therein), which is formed in the beginning of 
fast avalanche switching at n0-collector/n+-subcollector interface and 
sustains current during entire transient. Impact-generated in IFD holes, 
and injected from the emitter electrons form together quasi-neutral 
domain (QND) in n0-collector, which turns to electron-hole plasma by 
the end of the switching transient: see Fig. 5(b), (c). Temporal evolution 
of QND results in the most rapid and essential reduction in the collector- 
emitter voltage (see curves 1, 1′ in Fig. 5(a), and marked on the figure 
duration tVr ≈ 1.8 ns of this process; please also compare the field profiles 
in (b) and (c) at corresponding transient instant≈ 2.8 ns). The other 
component of the collector voltage associated with IFD behaves differ-
ently. It consumes about ~ (Peak Electric Field) × (IFD width) ~30 V- 
55 V and maintains this voltage drop as long as sustaining of the col-
lector current requires impact generation of holes. If the current remains 
high and then slowly reduces (see curves 1′ and 2′in Fig. 5(a) in the 
interval 2.8–5.4 ns), IFD first remains practically unchanged, and then 
gradually collapses (see Fig. 5(c)). If the current stops rapidly (solid 
curves in Fig. 5(a) and Fig. 5(b)), there is no need in current sustaining 
by IFD, and it collapses rapidly within the transient interval ~2.8–3 ns. 

The voltage associated with IFD participates in the electric energy 
dissipation as well, but its contribution in the beginning of transient is 
smaller than that of QND. That is why in suggested here criterion we 
associate the voltage ramp only with QND, which allows tV

r to be 
considered as practically the same value for both transistors (tVr ≈ 1.8 ns 
in Fig. 5(a)). 

Surprising is the fact that tVr remains unchanged for different in-
ductances (1-3nH) and different transistors (<~150–300 V). Indeed, a 
formation of electron-hole plasma with the same density (~1018cm− 3) 
in a twice-thicker n0-layer of ~300 V BJT should take longer time, than 
that of <~150 V BJT. In our case tVr value remains similar for ~twice 
thicker transistor because of ~twice larger current density in ~300 
V BJT and, consequently, ~twice larger electron and hole fluxes forming 

Fig. 4. Simulation and measurement results for a transmitter with larger inductance LP≈2.8 nH and the capacitor C0 = 300pF. (a)-simulated collector-emitter 
voltage (1) and collector current (2); measured optical power response (3) to be compared with the simulated current scaled by the laser diode efficiency 2.3 W/ 
A (4). (b)-electrical energy ∊∊ in the oscillating circuit of the transmitter calculated using formula (4), and simulated voltage and current waveforms. 
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plasma region. Twice higher current density became possible, in turn, 
thanks to higher voltage (see relation (2)), and thanks to larger current 
pulse duration (~2ns instead of ~1 ns). 

Thus, in our simulations we have recorded practically the same value 
tV
r ≈ 1.8 ns in the broad voltage (150–300 V) and inductance (~1–3 nH) 

range at capacitance of around ~300pF. 
(This claim is confirmed by the data of Fig. 3 and Fig. 4 for the 

capacitance range 250 ~400 pF. At lower capacitance values of 50–125 
pF the voltage ramp is shorter than 1.8 ns, which simply means that low 
capacitance discharges too fast, and the voltage across the transistor 
drops earlier than electron-hole plasma formation in QND completes. In 

any case the condition tI
W < tVr is satisfied also there). 

Summarizing, our goal was to understand why self-damping of the 
relaxation oscillations occurs at extremely low inductance ~1nH, and was 
not found before for a “traditional” inductance range of ~3-10nH. Simple 
answer is that at inductance ≤1nH, and within practical capacitor range 
~250-400pF the condition tI

W < tVr is satisfied. Accordingly, the energy 
accumulated in the capacitor dissipates in the transistor during the first 
oscillation. That was not the case of higher parasitic inductance. 

Fig. 5. (a)-simulated collector voltage (curves 1, 
1′) and current (curves 2,2′) waveforms for “non- 
oscillating” (110 V/1nH/265pF, solid lines) and 
“oscillating” (290 V/2.8nH/300pF, dash lines) 
transmitters. Somewhat conditional looking 
graphical definition, presented for the switching 
time t_r^V, In reality it is associated with the tem-
poral evolution of QND that requires analyses of 
the field profiles at different instants. (b), (c)-elec-
tric field profiles at different transient instants for 
both transmitters.   
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Discussions 

The phenomenon presented above was found thanks to very low 
(≤1nH) inductance of the transmitter assembly implemented in our 
experiments. In all earlier reported high-power Si ABJT-based trans-
mitters the optical pulses were exceeding 2 ns and the inductance 
exceeded at least ~3nH. This is apparently the reason why discussed in 
Section “Damping of the relaxation oscillations in silicon ABJT” mech-
anism did not clearly manifest itself in earlier studies and was not re-
ported. We term this effect “self-damping” of the relaxation oscillations 
in order to distinguish it from trivial quasi-steady-state suppression 
caused by time-independent resistive losses in the circuit loop. 

The approach implemented below aims to demonstrate the benefits 
of the dynamic oscillation suppression in a Si ABJT-based transmitter as 
compared to traditional damping method using a serial resistor. Simple 
circuit simulations were used for this purpose, but the switch itself is 
modelled as serial connection of two non-linear components (NC1 and 
NC2) imitating together transient behaviour of Si avalanche transistor. 
Each of those components is attributed to different domains inside Si 
ABJT: time-dependent resistance of NC1 in Fig. 6(a) emulates transient 
behaviour of QND of the avalanche switch, while Zener diode NC2 
emulates that of IFD. This simplified approach allows us to compare 
directly the amplitude of a single, clean (free of the oscillations) current 
pulse achievable using Si ABJT (NC1 and NC2), with that to be expected 
when only time-dependent resistor (only NC1) is used. (The later case is 
analogous to a field-effect transistor (FET) in which the resistivity of the 
conductive channel reduces from very high values down to ~milliohms 
similar to that shown for NC1 in Fig. 6(b)). 

Criteria for tuning the parameters of NC1 and NC2 are presented in 
Fig. 6(b). The logic behind this procedure is as follows. The switching 
(temporal reduction in the voltage across of Si ABJT) is mainly deter-
mined by the voltage reduction across QND (see Section “Damping of 
the relaxation oscillations in silicon ABJT”), which we imitate by 
voltage-controlled resistance of NC1, exponentially decaying in time. 
Here we assume that the voltage VIFD across the other domain of the 
transistor (IFD) remains constant, and this voltage we ascribe to the 
breakdown voltage of the Zener diode NC2. This assumption logically 
follows from the fact that the current across the transistor in on-state 
requires continues generation of the holes in IFD, and this domain 

appears in the beginning of the switching [23,24] and disappears after 
the current stops. Qualitatively similar behaviour we obtain from the 
Zener diode NC2. (The constant value for VIFD is an idealization but it 
provides a useful tool for semi-quantitative analysis of the oscillating 
properties of transmitters.) A rough initial guess for NC2 voltage (see 
Fig. 5(b), (c)) VIFD ~360 kV/cm × 1.1 µm ~40 V. 

Let’s subtract this value from the simulated by “Atlas” collector- 
emitter voltage across ABJT (see Fig. 3(a)), and divide the resulting 
voltage for each transient instant by the simulated using “Atlas” current 
value. The resulting time-dependent resistance is shown by dash lines in 
Fig. 6(b): one dash line corresponds to VIFD = 35 V, and the other one 
corresponds to VIFD = 45 V. We see that closest to exponential reduction 
in the switch resistance at around 0.1–1 Ω (1.8–2.3 ns) corresponds to 
VIFD ~ 40 V, and selected here approximation for NC1 is shown by solid 
line in Fig. 6(b). (One can see that an approximation for NC1 provides 
good fit to the numerical data for Si ABJT in the range ~0.1–20 Ω, while 
certain difference at 

~100 Ω and higher values is not critical as it affects only low current 
values at the beginning of the switching). 

Reasonable fit between the waveforms for “compact” circuit simu-
lations and experimentally verified “Atlas” simulations (as shown in 
Fig. 3(a)) can be seen in Fig. 7. The figure also presents the results of 
compact simulations in presence of only switch NC1 (the initial biasing 
is reduced accordingly by 40 V from 110 V to 70 V) that emulates, for 
example, a FET. Curve 3′ is obtained using low value of damping resistor 
(RL = 0.08 Ω), that is our best guess for the current spread into the BJT 
substrate from the switching channel (not accounted by Atlas simu-
lator). One can see that expected oscillations are extremely powerful in 
this case since a suppression by IFD (NC2) is absent. The oscillations can 
be suppressed in this case only by increasing the damping resistor up to 
RL = 1.6 Ω that reduces, however, the current pulse amplitude practi-
cally twice. Moreover, in practice a damping resistor added to the circuit 
will have its own inductance approaching ~1nH, while an account of 
the geometry of all components (see Fig. 1) can hardly allow entire loop 
inductance to be below LP ~4nH. This means that for the same pulse 
duration the current amplitude will be reduced by at least a factor of ~4 
(formulas (1), (2)) rather than by a factor of ~2 (as shown by curve 32′′

in Fig. 7). 
Consequently, one can conclude that at fixed pulse duration the 

oscillation damping by introducing the resistor causes very significant 

Fig. 6. (a)-circuit for simplified transient simulations in which Si ABJT is 
replaced by serial connection of two non-linear components: time-dependent 
(voltage controlled) resistance NC1 and Zener diode NC2. (b)-criteria for tun-
ing the properties of NC1, and approves selection of VIFD ~ 40 V value for NC2. 

Fig.7. (a)-results of “compact” circuit simulations explained in Fig. 6. Voltage 
and current across the transistor (“Atlas” modeling, dash curves 1, 1′) are 
compared with the results of the circuit simulations (2,2′) using NE1, NE2 
combination. The voltage and currents across a NE1 switch alone are presented 
by curves 3,3′ and 3′′. Powerfully oscillating current (3′) corresponds to RL =

0.08 Ω, while complete oscillation damping (curve 3′′) is achieved only at RL =

1.6 Ω. 
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reduction in the power as compared to the dynamic oscillations sup-
pression intrinsic of Si ABJT. 

Conclusions 

Miniature transmitters for pulsed LIDARs containing only a laser 
diode, an electrical switch and a storage capacitor are approaching the 
peak power of ~100 W with ~1 ns pulse duration. It requires capacitor 
value of ~400pF, and the parasitic inductance to be reduced slightly 
below 1nH. Even at this record low loop inductance harmful for appli-
cations relaxation oscillations would take place, and their suppression 
requires high dumping resistance of at least ~1.5 Ω to be used. Then the 
peak current (transmitter peak power) would be reduced by a factor of at 
least 2 to 4 with respect to the amplitude limited by LC oscillating cir-
cuit. In this work we have shown, however, that high-power, clean, 
oscillation-free optical pulse of ~1 ns in duration, can be obtained 
without dumping resistor thanks to intrinsic properties of a Si avalanche 
transistor. The price paid for this very useful phenomenon, termed here 
“dynamic suppression”, is a capacitor charging between the pulses to 
110 V (instead of 70 V to be sufficient for a “linear” switch, which would 
not, however, supress the oscillations). “Extra” 40 V across the transistor 
relaxes slower than the current pulse, and “kills” the oscillations thanks 
to the energy dissipation within the trailing edge of the current pulse. 
This saves us from the need in the dumping resistor, which would reduce 
very significantly the peak power achievable from ns/sub-ns trans-
mitters. In principle one can implement the same self-damping effect in 
other switches as well, provided a non-linear feature were realized: 
namely, maintaining significant residual voltage despite of current 
diminishing down to zero. 
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