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PULSE-MODE SIMULATIONS OF RTD-LD CIRCUITS FOR VISIBLE LIGHT

COMMUNICATION

V. B. YURCHENKO, L. V. YURCHENKO, M. CIYDEM

We suggest a new kind of circuit made of a resonant tunneling diode (RTD) and a laser diode (LD) for visible light
communication. The circuit has a radio frequency (RF) resonant antenna joined to the RTD-LD unit with a microstrip
section. The circuit can convert modulation pulses with no carrier into the pulses with an RF carrier. The RF pulses
are radiated by the antenna for duplicating optical pulses emitted by the LD. The optical pulses also acquire the RF
modulation that helps in detection of pulses by the RF filtering of optical signals.
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INTRODUCTION

A visible light communication (VLC) technology is
an attractive solution for providing broadband mobile
communication services to the end-users with high speed
of information delivery [1-5]. It has appealing advantages
such as a possibility of using available lighting equipment
based on the light emitting diodes (LEDs), though it has
inherent limitations. The main limitations are the limited
bandwidth of conventional LEDs (on the physical layer,
the modulation frequency f is limited by 100 MHz), the

difficulty of high-speed modulation of high-power LEDs,
and the need of re-arrangement of lighting infrastructure.
Further difficulties may appear if much chipper but much
slower organic LEDs (OLEDs) would come to replace
conventional LEDs.

A promising development in this area is the use of
laser diode (LD) light sources. The LDs can provide a
data bandwidth more than 100 times greater than the
LEDs bandwidth [6]. The data rates in the excess of 100
Gb/s would be accessible with LD VLC systems at stan-
dard indoor illumination levels [7]. The LDs have higher
current density and output power per unit area than LEDs,
and multicolor LD lighting is shown to have no health
concern on the human eye [8]. The LDs light is coherent
and collimated, which is an advantage for point-to-point
data transmission. In total, LD-based white VLC and
lighting systems have a potential to outperform the ones
based on LEDs. Multi-Gigabit data rates have been
achieved in VLC systems based on the Ill-nitride LDs
(e.g., 17.6 Gb/s in [6]). Eventually, the fabrication of LD
arrays similar to LED arrays should be developed for
these applications.

1. PROBLEM FORMULATION

An interesting version of an LD circuit was proposed
in [9, 10]. The authors considered a system with an LD
being driven by the resonant tunneling diode (RTD). This
makes the circuit capable of operating at the frequencies
up to 2 GHz [9]. The LD was an optical communication
laser operating at around 1550 nm IR radiation wave-
length with an average output power of 5 mW. The RTD-
LD hybrid circuit was produced with a minimal length of
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bonding wires b accessible with manual manufacture
(b ~1mm) in order to minimize the inductance L of the
system. Using the RTDs of small capacitance C, the
authors observed self-oscillations at the frequencies of
350 — 400 MHz, 550 — 590 MHz, and 1.82 — 2.17 GHz,
depending on the bonding wire length b and other pa-
rameters [9]. The authors also simulated the system dy-
namics while considering the structure as a lumped circuit
[9, 10].

The aim of this work is to propose and analyze a
more general kind of RTD-LD oscillator. In distinction
from [9, 10], we consider a distributed system (Fig. 1)
that, along with an RTD-LD unit (block G), contains a
resonator antenna unit (block A), which is connected to
the RTD-LD block by a section of microstrip line of
length D and, at the same time, can radiate the electro-
magnetic waves U 4 into an open section of microstrip
line of an infinite length. The presence of microstrip sec-
tion of length D creates the time-delay feedback in the
system. The duration of time-delay is 7 =2D/c, where
¢ is the wave propagation speed in the microstrip section
(for simplicity, we assume ¢ is the speed of light in the

(b) ©

Fig. 1. (a) — A microstrip circuit with (b) a resonator antenna A
and (c) a generator section G based on the RTD-LD unit
(notations show the current and voltage values, the circuit
elements, and the waves propagating in the system)
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free space). The time-delay feedback can produce compli-
cated dynamics of oscillations such as the emergence of
self-pulsing of high-frequency oscillations [11], nonlinear
power combining [12], dynamical chaos [13], ultra-short
pulse generation [14], etc.

The RTD-LD circuit is shown in Fig. 1 (¢) as an ele-
ment G of a G-block, which is specified by the current-
voltage characteristics /= 15(V) (the I-V curve) with
a region of negative differential resistance (NDR) as de-
fined in [9, 10]. Self-oscillations could appear in such a
system when the RTD-LD voltage V; falls into the NDR

region. In relative units, the I-V curve of RTD-LD circuit
is presented as ig(eg)=I1g/ly=GyF(eg)/ly where
e =Va /.
V0= 1V, ]O= Vo/Z()= 0.02 A, Zo= 50 Ohm is the mi-

crostrip impedance, and F(eg) is the function defining

Gy is the peak current coefficient,

the shape of I-V curve as specified in [10] in ampere
units, with peak current /5y =0.04 A (then, Gy =1 and
the peak value of i; is i =2 ). Equations describing the

radio-frequency (RF) part of the system are presented in
[11].

The LD optical output is modeled as explained in
[10]. The rate equations for the electron and photon densi-
ties contain, among other terms, the excitation term pro-
portional to the RTD-LD current /; and two relaxation
terms defined by the electron and photon lifetimes
1, =0.8ns and 1, =1.2ps, respectively. It is the value

of 1, ~1Ins that makes the LD frequency-limited at
f ~1GHz. For the LD operating at f ~100 GHz [7],
we expect 1, ~10 ps and consider this value in our
simulations, while assuming the other LD parameters to
be the same as in [10].

We start with the RF circuit parameters specified in
[10], including the RTD capacitance C =5.5pF and the
circuit inductance L =8 nH, that makes the G-block in-
trinsic frequency f; =0.76 GHz (the actual self-
oscillation frequency appears to be smaller). We also,
typically, assume the resonator parameters C 4 =C and
L, =L that makes the A-block intrinsic frequency f4
the same as fg;, though, occasionally, we consider the
values f4 =0.76-76 GHz.

Both the LD and RTD devices in [10] are specified
by the same frequency limit of f ~1GHz, though much

faster LDs [7] and RTDs [15, 16] are available at present.
Specifically, the RTDs can operate at the frequencies up
to f ~1 THz, while having the quantum well-collector

capacitance Cy/c ~ | fF at nearly the same RTD current

[16]. Assuming the inductance L is also reduced by, at
least, 10 times, we can expect the G-block intrinsic fre-
quency to approach f; ~100 GHz that we also consider

in simulations.
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Notice, the time-delay circuit with a piece of trans-
mission line between the G and A blocks can be treated as
a model of real THz RTD structure integrated with a reso-
nator antenna [16]. In this structure, the dominating ca-
pacitance and inductance values are C of RTD and
L 4 of resonator. In [16], the size of the RTD-resonator

structure is small as compared to the radiation wavelength
A, though the structure is further integrated with planar
Vivaldi antenna whose size is comparable with A for the
better radiation of waves into the free space. This ex-
tended component could also affect the operation of the
oscillator. So, the analysis of the model systems consid-
ered in our research could be useful for a better under-
standing of the RTD-based THz oscillator structures
presented in [16].

2. SIMULATION RESULTS

An RTD-LD circuit joint with a resonator antenna by
a piece of transmission line can produce synchronous
generation of both the RF pulse radiation and the RF-
modulated optical pulses. This feature could be of interest
for the development of new kinds of optical communica-
tion systems. We start our simulations by using a set of
parameters provided in [10] and assuming the length of
microstrip section D=10mm (in relative units

d=D/a=10 where a=1mm) and the length of the
excitation pulse 7, ~2ns (¢T},/a=600).

Fig. 2 shows the results that demonstrate a possibil-
ity of a single, well-shaped LD optical pulse excitation
while the RF radiation pulse U 4 is not well formed (the

light intensity normalization unit is the same for all the
plots presented below).

The microstip circuit at these parameters is not yet
fast enough for pulses of 7), =2ns (the relevant frequency

is f,=1/T,=0.5GHz, while the pulse repetition fre-

quency is frpp=0.25GHz at 50% duty cycle). The
results are similar at smaller values of microstrip length
D, except for lower peak intensity (e.g., S=7 at
D <1 mm). The increase of D to D =40 mm increases
the light peak to nearly maximum S =16 at the same
pulse width, though further increase of D reduces the
peak and begins to deform the light pulse and increase its
duration.

Now, we consider the circuit that has 10 times faster
RTD and resonator response ( fg = f4 =7.6 GHz when
the other parameters are the same as above, except for the
microstrip length being D =5mm). The simulation re-
sults are shown in Fig. 3.

The simulations reveal the effect of RF modulation
of light intensity of the optical pulse along with gradual
increase of the light power during the process of light
emission. The RF modulation of light intensity S is in-
duced by the RF oscillations of RTD-LD current that also
creates the oscillations of radiated RF waveform U 4.

The oscillations occur at the frequency frp =2.6 GHz.
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Fig. 2. The pulse of (a) RTD-LD voltage (curve 1), (b) RTD-LD
current, (¢) RF output, and (d) LD light pulse intensity S when

G,=1,d=10, f; =f,=0.76 GHz, and the excitation pulse
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length 7, =2 ns (curve 2; lines 3 to 5 show the voltage values of

lower and upper borders of NDR region and of the peak of
negative differential conductance, respectively)
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Fig. 3. The RTD-LD pulse of (a) RF output and (b) LD optical
pulseat G, =1, d=5, f;=f,=76GHz,and T, =2ns
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With decreasing the microstrip length to D =1mm
and below, we observe a slight increase of the RF oscilla-
tion frequency up to frp =3.4GHz. On the contrary,

with increasing D to D=20mm, we reduce f to
frr =1.5GHz and slightly increase the light intensity (to

S =1), though further increase of D spoils the modula-
tion shape and destroys the RF oscillations.

Finally, we analyze the main circuit of our interest,
which is the case when the RTD and resonator frequen-
cies are f; = f4 =76 GHz (Figures 4 — 6).

In this case, we reduce the LD electron lifetime pa-
rameter to 1, ~ 10 ps (see above) so that the LD optical
output could follow more frequent RF oscillations of the
RTD circuit. Also, we assume twice smaller RTD peak
current (G =0.5), which is more typical for high-
frequency devices [16], and choose D =1 mm.

In this setting, we consider two options for obtaining
high frequency oscillations. In the first case (case #1), we
assume further proportional decrease of all values of ca-
pacitance and inductance as we did before.

In the second case (case #2), the RTD capacitance is
made 100 times smaller as compared to the case in Fig. 3
(i.e., C and C4 are reduced to C =C,4 =5.5fF) but the

inductance is left the same ( L = L4 = 0.8 nH) that makes,

possibly, a more realistic system. In this case, at the
greater pulse voltage Vg =3V, we can get a short burst

of RF oscillations or a single RF peak even at the short
pulse length 7}, =50 ps and 7}, =25ps, respectively.
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Fig. 4. Case #1 of excitation of (a) RF output and (b) LD optical
pulseat G,=0.5, d=1, f,=f,=76 GHz,and 7, =0.2 ns
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Fig. 4 shows the results of simulations in case #l.
Here we observe a well-defined pulse of RF oscillations
and deep modulation of light intensity. The pulse length is
now 7, =0.2 ns, which is 10 times smaller as compared

to Figs. 2 and 3, that corresponds to the pulse data rate of
2.5 Gb/s (at 50% duty cycle). The RF frequency in this
caseis frp =28.4 GHz.

Fig. 5 shows the simulation results in case #2. In this
case, the RF oscillation frequency is frp =16.7 GHz. It
is nearly twice less than the frequency obtained in case
#1, though the pulses of both the RF and light signals are
well formed and well modulated.

Fig. 6 shows a possibility of exciting a short burst of
RF oscillations in the system of case #2 by increasing the
pulse peak bias voltage to V' =3V when reducing the

pulse duration to 7), = 50 ps. With a shorter pulse, at least

one RF peak can be excited at the pulse length
T, =25ps. These pulse durations correspond to the data

rate of 10 and 20 Gb/s, respectively, assuming 50% duty
cycle of periodic pulse sequence.

An essential issue in making high-speed VLC sys-
tems is the use of sufficiently fast photo-detectors. We
believe the detector arrays will be used for this purpose,
similarly to the LED, LD, RTD, and RTD-LD circuit
arrays.
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Fig. 5. Case #2 of excitation of (a) RF output and (b) LD optical
pulseat G,=0.5, d=1, f,=/,=76 GHz,and T, =0.2 ns
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Fig. 6. Case #2 of excitation of (a) RF output and (b) LD optical
pulse when the external pulse bias voltage is ¥, =3V and the

pulse lengthis 7, =0.05 ns (ch /a=15)

rel. un.
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For the direct detection of RF modulation of light
pulses, an interesting device is the RF optical heterodyne
100 GHz photo-detector proposed in [17]. The device is
specified by the RF response Sgp =2dBm, the RF

bandwidth fzp =100 GHz, the sensitivity to 1550 nm IR

radiation with photo-response 0.15 A/W, and the junction
parameters of capacitance Cy,, =36 fF, inductance

L =85 pH, and series resistance R, =150hm.

Development of a detection system capable of proc-
essing RF modulation of optical signals in free-space
propagation channels is an important goal in the future
light communication technology.

CONCLUSIONS

An RTD-LD circuit with a resonator antenna can be
used for synchronous generation of both the RF pulse
radiation and the RF modulated optical pulses. This pos-
sibility could be of interest for the development of new
kinds of optical communication systems.

Our simulations of these circuits have shown a diver-
sity of RF modulation effects and basic conditions for
their implementation. A short piece of transmission line is
helpful for the RF excitation and light modulation in re-
sponse to the external pulse signal. It is similar to the stub
effect in the excitation of a waveguide system. The opti-
mal length of the piece depends on the phase shift of the
feedback signal reflected from the antenna and has to be
found from simulations of these circuits.

The period of oscillations of RTD-LD circuit has to
be small as compared to the pulse duration of digital sig-
nal. In the opposite case, even if a sharp pulse is formed,
an extra time is needed for damping the excitation be-
tween the pulses. This kind of relaxation delay is quite a
common feature in laser systems.

In a high-speed RTD-LD system, the optical output
of modern LDs is, generally, capable of following the RF
oscillations of the RTD driver. In a slow RTD-LD system,
even though narrow light peaks could appear with short
excitation pulse, the RF oscillations may not be excited.

The arrays of RTD-LD circuits, which are made as
the chip-on-board (COB) structures similar to the LED
arrays, are expected to be a promising solution for the
development of hybrid lighting and VLC applications.
For the better operation of circuits, the RTD-LD fre-
quency should essentially exceed the data transmission
bandwidth as presented at the physical layer. This could
allow one to implement the effect of RF modulation of
optical pulses along with radiation of RF pulses for en-
hancing the detection of extremely weak data signals.
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[IpennokeHO HOBBIM THIT CXEMBI, COCTOSIIEN M3 pe30-
HaHCHO-TyHHeJbHOro muoxa (PTJ]) m mazeproro mmona (JIJI)
IS BUAMMOM OIITHYECKOW CBSI3H.
BbIcOKOYacTOTHYI0 (CBY) pe3oHaHCHYIO aHTEHHY, COEIUHEH-
Hyto ¢ PT/I-JIZI ©:10KOM MHKpOIIOJIOCKOBOH cekmueil. Cxema
MOKET MPeoOPa30BLIBATh UMITYJILCHI MOTYIISIIUY €3 HecyIel B
CBY umnynscel. CBY uMIIynbCBl U3IIy4alOTCs aHTCHHOM AT
TyOIMpoBaHHs ONTUYECKHX MMITyJIbCOB, m3mydaembix JIJI. On-
THYECKHE HUMITYJIBCHl Taioke npuobperaior CBY monmyssinuro,
KOTOpasi NIOMOTaeT B OOHApYKEHHH HMITYJIbCOB IOCPEICTBOM
CBY-¢punpTpanuy ONTHYECKUX CUTHAJIOB.

Knrouesvle cnosa: pe3oHaHCHO-TYHHEJIBHBIN O], Jia3ep-
HBII THOJ, BUIMMAsT ONITHIECKAs CBA3b.

Wn. 6. bubmnuorp.: 17 Ha3s.

Cxema MMeeT CBepX-
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IOpuenko B.b. Imnyasche mopemoBanns PT-JII
cxXeM Jisl BUAMMOro omntu4yHoro 3B'sa3ky / B.b. IOpuenko,
JI. B. IOpuenko, M. Yuiinem // TlpuknanHa pagioeneKTPOHIKa:
HayK.—TeXH. xKypHas. —2018. — Tom 17, Ne 1, 2. — C. 66-71.

3anponoHOBaHO HOBHH THI CXEMH 3 PE30HAHCHO-TYHEIIb-
Horo miona (PT/I) i mazepuoro mioga (JI/I) a1 BUANMOro ONTHY-
Horo 3B'si3Ky. Cxema mae HaasucokodacToTHy (HBY) pesonan-
cHy aHrteHy, 3'eqnany 3 PTJI-JIJ] GiokoM MiKpOIIOJOCKOBOIO
cekmiero. Cxema MoXe TIepeTBOPIOBATH IMITyJIbCH MOYJIAIIT O3
Hecydyoi B HBY immynscn. HBY immynbsen BHITPOMIHIOIOTBCS
AQHTEHOIO ISl AyONMIOBaHHS ONTHYHUX IMITYJbCIB, BUIIPOMIHIO-
Banux JIJI. OntuuHi imMmysnben Takoxkx HaOysaroTh HBY momy-
JAIIO, SIKa AOTIOMAara€ y BHABJIICHHI IMITYJIbCIB 32 JOIMOMOTOIO
HBY-dineTparii onTHYHIX CUTHATIB.

Kniouogi crosa: pe3oHaHCHO-TYHENBHUI i0[], Jla3epHUil
11011, BUAMMHM ONTUYHHH 3B'S30K.

Inn. 6. Bibmiorp.: 17 Haiim.
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