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ABSTRACT 

Recent work on an OptoElectronic Integrated Circuit (OEIC), the resonant tunneling diode-laser diode (RTD-LD) has 
shown that it can act as an optoelectronic voltage controlled oscillator (OVCO). The RTD-LD oscillates because of the 
negative differential resistance of the RTD and simply providing the RTD-LD with a dc voltage will cause it to oscillate 
at frequencies determined by both the external components of the circuit and the value of the dc voltage. It has been 
observed to oscillate at frequencies as high as 2.2GHz and be tunable from 1.8-2.2GHz as the dc voltage is tuned by 
0.5V. Both monolithic and hybrid (separate RTD and LD chips) have been investigated. The hybrid RTD-LD has been 
accurately modeled as a Liénard’s oscillator – closely related to the Van der Pol oscillator. The model is a classic of 
nonlinear systems theory and explains all of the observed operating features that include synchronization and chaotic 
output. Applications include wireless to optical signal conversion where phase synchronization has been demonstrated to 
transfer phase modulated signals from the wireless to the optical domain by modulating the RTD-LD OVCO to produce 
a phase modulated optical sub-carrier.  
Keywords: Optoelectronics, Semiconductor laser, Optoelectronic integrated circuit. 
 

1. INTRODUCTION 

 

    

1.1 RTD-LD OEICs 

OptoElectronic Integrated Circuits (OEICs) is a general term for a technology that targets integrating optical devices and 
electronic devices on the same semiconductor chip; for example, an optical detector on the same chip as a transistor 
amplifier or a semiconductor laser on the same chip as transistor. The objective is to emulate the success that silicon 
technology has demonstrated with integration and to produce chips with increased functionality, speed and reliability and 
reduced cost and size. Most work so far has been carried out on receiver chips for optical communication systems but 
there has been some work on transmitters and in this paper we concentrate on a particular type of OEIC technology that 
uses resonant tunneling diodes (RTD) integrated with laser diodes (LD). 

RTD OEIC technology is a monolithic technology that uses a vertical stacking of epitaxial layers of semiconductor 
alloys - each section of the stack has a different function - the RTD section of the stack is particularly simple consisting 
of three epitaxial layers, in total, about 10nm thick. The effect of the RTD layers is to give the device a highly nonlinear 
current voltage characteristic that can be configured to give the device electrical gain through negative differential 
resistance   - this leads to large reductions in the energy required to switch the device on and off as is required for 
digitally encoding optical signals in an optical communications system. Furthermore, appropriately configured the RTD 
OEIC devices can behave as optoelectronic voltage controlled oscillators (OVCO) which opens out the possibility of a 
whole new range of applications. 

In previous work we have demonstrate at RTD integrated with a an electroabsorption modulator, the RTD-EAM [1] but 
in this paper we  report on a RTD integrated with a laser diode [2], the RTD-LD; in particular we concentrate on a hybrid 



 
 

 
 

version of the RTD-LD that we have used to gain a deeper insight into the operation of this OEIC.  It turns out that the 
RTD provides a highly nonlinear current-voltage response; crucially, the RTD exhibits negative differential resistance 
(NDR). This means that RTD based OEICs can be described by nonlinear dynamics and we have shown that the hybrid 
RTD- LD can be described as a so-called Liénard’s oscillator [3] which is a generalization of the better known Van der 
Pol oscillator.  Using the Liénard’s oscillator model we can model the behaviour of the RTD-LD as optoelectronic 
voltage controlled oscillator (OVCO). 

Many digital wireless communication systems rely on phase shift keying (PSK) and it possible to transfer a PSK signal 
from the wireless domain to the optical domain using the RTD-LD. In broad terms the approach that we discuss in this 
paper is similar to the classic injection locked oscillator (ILO) techniques that can be employed in digital wireless 
communications systems [4]. However, here we apply nonlinear dynamical theory to a unique optoelectronic ILO that 
has the potential to be integrated in a single OEIC chip.  Such chips represent a highly promising route to producing low-
cost, compact, robust and reliable wireless/optical interface devices for the next generation of wireless access networks.  
 

2. THE RTD-LD 

 

2.1 The RTD 

Figure(1) explains in outline how a RTD gives rise to NDR for more detail see [5] & [6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The RTD (a) shows the layout of the layer of an RTD (b) Shows the RTD band structure and the resonance states (c) 
and (d) show how the resonance states give rise to negative differential resistance  



 
 

 
 

2.2 The hybrid RTD-LD 

Figure (2) show the layout of the hybrid RTD-LD chip:- 

 

 

 

 

 

 

 

 

 

Fig. 2. The hybrid RTD-LD has two separate chips these are connected in series – there is also a shunt capacitor that gives 
control of the oscillation frequency. 

The more details on the design of the RTD and LD chips can be found in [3]. The RTD introduces a NDR region into 
this hybrid OEIC as is illustrated in figure (3). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The figure shows the separate I-V curves of the RTD and the LD and the combined RTD-LD curve; also illustrated is 
the switching curves that occurs when the RTD-LD is oscillating. 

When the RTD-LD is DC biased into the NDR region of the I-V curve it oscillates. The oscillation frequency of the 
electrical and optical output is determined by the primarily by the value of the RTD intrinsic capacitance but can also be 
tuned by the applied DC voltage – thus the devices acts as optoelectronic voltage controlled oscillator (OVCO). Figure 4 
show the tuning curve 



 
 

 
 

 

 

 

 

 

 

 

Fig. 4. The figure shows the tuning range of the RTD-LD optoelectronic voltage controlled oscillator (OVCO) as function of 
applied DC bias; the model used to fit the data is the Liénard’s oscillator model [3]. 

 

3. THE LIENARD’S OSCILLATOR MODEL 

 

3.1 The equivalent electrical circuit: 

The equivalent electrical circuit for the hybrid RTD-LD circuit is shown in figure(5) 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The figure shows the circuit used to model the hybrid RTD-LD – the inductance and resistance is are from the 
parasitic values associated with the microstrip and bond wires, and C is the RTD intrinsic capacitance. 

For purposes of analysis and simulation, the RTD-LD overall I–V characteristic was modelled using an adaptation of the 
physics based description of the RTD voltage dependent current source F(V) given in [3]. The RTD current-voltage 
equation F(V) is: 
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The parameters q and kB are the electric charge and the Boltzmann constant, respectively. Fig. 3 shows the RTD 
experimental I–V characteristic and the fitting given by equation (1). The fitting parameters are A=3.210́ 103, B=0.085, 
C=0.1334, D=0.013, H=2.328́ 104, n1=0.1502, n2=0.0041, and T=300 K. 



 
 

 
 

3.2 The Liénard’s Oscillator 

The Liénard’s equation that describes the operation of this oscillator is given by:- 

d2V t( )
dt2 + h V( )

dV t( )
dt

+ g V( )= 0    (2) 

where  

h V( )=
R
L

+
1
C

dF V( )
dV

      (3) 

g V( )=
V t( )
LC

+
R

LC
F V( )-

VDC - Vth

L
    (4) 

where Vth is the built-in voltage of the laser diode, VDC is the applied DC voltage. Using this model we can fit the OVCO 
results shown in Figure (4). 

 

4. A WIRELESS INTERFACE USING THE RTD-LD. 

4.1 The injection locked oscillator (ILO) 

If a wireless signal is injected into the RTD-LD equation (2) is modified as follows:- 

d2V t( )
dt2 + h V( )

dV t( )
dt

+ g V( )=VAC sin 2pfct +q t( )( )    (5) 

 
where VAC is the amplitude of the wireless signal, fc, is the carrier frequency and q t( ) is the signal encoded with the 
digital phase information.  The sin function represent the wireless signal injected into the RTD-LD: the RTD-LD acts as 
an ILO that locks onto the phase of the injected signal and transfers the information encoded on the wireless signal to the 
optical output from the LD.  The ILO is an example of the synchronization of a nonlinear system to a weak injection 
signal [7] and in this case we are using synchronization to transfer information from the wireless domain to the optical 
domain. 

Figure (6) show results obtained from the RTD-LD when a phase modulated wireless signal was injected into the RTD-
LD. A phase modulated wireless signal was broadcast and picked up by an antenna coupled to the RTD-LD.  Figure (6a) 
show the sidebands on the wireless signal associated with the phase modulation and figure (6b) shows that the sidebands 
have been transferred to the optical domain.  

(a)       (b) 

 

 

 

 

 

 

 

 

 



 
 

 
 

Fig. 6. The figure shows the RF spectra of a phase modulated signal: (a) the spectrum of original phase modulated wireless 
signal that is broadcast; (b) the spectrum of the optical output from the RTD-LD.  

 

 

5. CONCLUSION 

In this paper we have shown both theoretically and experimentally that a circuit based on an RTD in series with a LD can 
behave as a Lienard’s oscillator and that the oscillator is an optoelectronic voltage tunable oscillator. We have 
demonstrated that this oscillator can act as ILO that can transfer phase information from the wireless to the optical 
domain and we believe that this can have application in the next generation of wireless access networks. 

We are currently investigating the other half of the interface that is showing that a RTD integrated with a photo-detector, 
the RTD-PD circuit, can transfer information from the optical to the wireless domain. 
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