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Abstract
Differential architectures for both ®rst order error diffusion and ®rst order sigma±delta modulators are presented in this paper. Techniques
required to transform single-ended architectures to differential architectures are discussed which are suitable for implementation in both
p±i±n and n±i±n SEED technologies. Descriptions of common SEED circuit modules, together with SPICE behavioural simulations are
also presented. A feature of the architectures presented is that they can be fully integrated into a single substrate using MEMS technology.
This can be done by incorporating integrated optical waveguides together with MMIC technology. The goal of this work is a fully integrated
differential optical oversampling modulator with extremely high resolution and linearity. q 2002 Published by Elsevier Science Ltd.
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1. Introduction
Data converters play an important role in most digital
signal processing systems as they provide an interface
between the inherently analog world and the digital
representation used in data processing applications. The
requirement for these converters varies depending on the
speci®c application. For example, wideband communications surveillance systems and digital radio receivers require
high speed, high resolution and high linearity whereas
generic wideband electronic systems require very high
speed converters but with less demanding speci®cations
for resolution and linearity [12]. Although conventional
Nyquist rate data converters can ful®ll the high speed
requirements of wideband surveillance systems, the very
demanding resolution and linearity requirements are the
limiting factors. Oversampling data converters can provide
the required resolution and linearity, but not at the required
speed. The common technologies currently used for designing oversampling data converters are CMOS and GaAs. The
maximum speed of the converters is limited both by the
maximum switching speed of the devices and also by
the unavoidable interconnect parasitics such as resistance,
* Corresponding author. Tel.: 161-8-8303-4705; fax: 161-8-8303-4360.
E-mail address: alsarawi@eleceng.adelaide.edu.au (S.F. Al-Sarawi).
0026-2692/02/$ - see front matter q 2002 Published by Elsevier Science Ltd.
PII: S 0026-269 2(01)00113-6

inductance and capacitance. To alleviate the limitation of
current CMOS and GaAs technologies researchers are
studying the use of photonic technologies in designing
data converters. Examples in the literature where photonics
have been used to overcome the limitations of electrical
interconnect and switching speeds are described in Refs.
[4±7]. By combining the switching speed of optoelectronic
devices with micro electro mechanical systems (MEMS)
technology it is possible to build very high speed, high
density optoelectronic circuits which can be integrated
into very high data rate, lightweight, low cost fully
integrated optoelectronic systems. An improved self
electro-optic effect device (SEED) called the n±i(MQW)±
n SEED has been developed [3]. This device has great
potential for high speed data converter applications as it
offers a low operating power, and a symmetric I±V curve
which is contrasted with the unipolar I±V curve of the single
ended p±i±n device. This paper presents and discusses
oversampling modulator architectures that are suited for
both p±i±n and n±i±n technologies. These modulators
rely on high oversampling ratios to obtain high resolution
and linearity. One of their main advantages is a very high
tolerance for circuit imperfections, especially when two
level quantisation is employed. This attribute is highly
desirable when using devices at very high operating speeds
and with relatively poorly controlled circuit parameters. In
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Fig. 1. A ®rst order error diffusion modulator.

the literature a number of papers discuss the implementation
of optical oversampling data converters [16,17,19] which
take advantage of high speed, low jitter optical clocks.
In contrast to prior work this paper presents a fully
differential SEED approach for implementation of a fully
integrated oversampling data converter that can use either
an optical or electrical signal as an input. In the following
discussion, an oversampling modulator architecture is
presented in two forms that are mathematically equivalent.
These forms are the ®rst order error diffusion modulator and
the ®rst order sigma±delta modulator. These two representations were chosen as they present the basic components
that are needed in designing high order oversampling
modulators. In contrast to electric signals, optical beams
are unipolar. Hence, common modulator architectures
cannot be applied directly to optical modulator designs.
The work published by Willis et al. [19] on unipolar loop
signals in the error diffusion modulator represents a possible
approach for implementation with SEED technology. The
modi®cation required for the optical error diffusion
architecture is an adjustment of the quantiser threshold
and a constraint on the input signal amplitude in order to
obtain a unipolar signal at all intermediate nodes in the
modulator. However, a better approach is to encode the

input signal as the difference between two unipolar signals
and perform all modulator operations using differential
optical signals. With this approach, no restriction on the
input signal amplitude or adjustment of the quantiser threshold is needed. Sections 2 and 3 present and discuss the
formulae for a differential ®rst order error diffusion modulator and a differential ®rst order sigma±delta modulator,
respectively. Section 4 presents the self electro-optic effect
devices (SEEDs) and their characteristics and brie¯y
discusses some of the basic modules that are needed for
the design and implementation of the differential modulator.
Sections 5 and 6 present possible implementations. Note
that in this paper the ®ltering and decimation circuitry
needed to reduce the output bit rate of the modulator is
not discussed.
2. Differential error diffusion modulator
One of the simplest forms of oversampling modulator is
the error diffusion modulator shown in Fig. 1. The modulator consists of (i) an analog add±subtract circuit, (ii) a
quantiser and (iii) a unit delay element. The output signal,
y i; for the error diffusion modulator can be written as
y i  x i 1 ei 1 2 Z 21 :

1

For the purpose of simplicity the differential error
diffusion architecture is presented before the theoretical
analysis of the modulator and is shown in Fig. 2. It is
assumed that the input signal to the modulator can be either
optical or electrical. The architecture has a single-ended to
differential converter, a differential analog adder circuit and
a differential quantiser. The output from the single-todifferential block can be written as
PinH  Pos 1 Pin x i=2:

2

PinL  Pos 2 Pin x i=2:

3

Fig. 2. A differential ®rst order error diffusion modulator.
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Fig. 3. A ®rst order sigma±delta modulator.

Fig. 4. A differential ®rst order sigma±delta modulator.

The differential output of the analog adders UH 2 UL 
can be written as
Z 21
P x i
UH 2 UL  
QL 2 QH  1 in 21 ;
12Z 
1 2 Z 21 

while the quantiser differential output QH 2 QL  can be
written as
QH 2 QL   UH 2 UL  1 ei :

4

5

Substituting the adder's differential output from Eq. (4)

Fig. 5. Experimental measurement of the responsivity of a p±i(MQW)±n diode.
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Fig. 8. SEED equivalent circuit.

3. Differential sigma±delta modulator

Fig. 6. Comparison of semi-empirical ®t and experimental data for a
p±i(MQW)±n SEED diode.

into Eq. (5) results in
QH 2 QL   Pin x i 1 ei 1 2 Z 21 :

6

Comparing Eq. (6) with Eq. (1) shows that both the
results are equivalent and that the output from the quantiser
is differential. Furthermore, simulating the differential
modulator shows identical behaviour to the ®rst order
error diffusion modulator.

A block diagram of a ®rst order sigma±delta modulator is
shown in Fig. 3. The output signal of this modulator can be
written as
y i  x iZ 21 1 e i 1 2 Z 21 :

7

The same methodology used in the design of a differential
error diffusion modulator can be applied to the design of a
differential sigma±delta modulator. The new differential
sigma±delta modulator is shown in Fig. 4. The analysis of
this modulator can be carried out as follows. Using Eqs. 2
and 3, UH 2 UL  and WH 2 WL  can be written as
UH 2 UL   PinH 2 PinL  2 QH 2 QL :
WH 2 WL   UH 2 UL 

Z 21
:
1 2 Z 21

8
9

Also, the quantiser output QH 2 QL  can be written as
QH 2 QL   WH 2 WL  1 e i:

10

Substituting Eq. (8) in Eq. (9) and then substituting the
results into Eq. (10) gives
QH 2 QL   Pin x iZ 21 1 ei 1 2 Z 21 :

11

When the above equations of the differential sigma±delta
modulator were implemented in Matlab the results, as
expected, were identical to those of the ®rst order sigma±
delta modulator.
4. SEED circuit modules

Fig. 7. Simulated SEED current vs. bias, showing the effect of increasing
optical power.

This section presents a SPICE model for the SEED and
SPICE simulation results for some of the basic SEED circuit
modules that are needed to implement the differential
modulators discussed earlier. Detailed discussion of the
p±i(MQW)±n SEED and n±i(MQW)±n SEED devices
can be found in Refs. [2,13], while detailed discussion of
the operation of some of the presented circuits can be found
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Fig. 9. A differential self-linearised modulator circuit.

in Refs. [1,14]. In the following circuit, it is assumed that
p±i±n or n±i±n devices are operating in the self-linearised
mode unless otherwise mentioned. Detailed discussion of
this mode of operation is given in Ref. [15]. In the following
diagrams, thick paths indicate an optical connection and thin
paths represent an electrical connection.
4.1. p±i±n SEED model
SEEDs are fabricated using molecular beam epitaxy
(MBE) techniques to grow a series of narrow band gap
(GaAs) and wide band gap (AlGaAs) layers with nanometer
resolution. The result of these growths is a series of quantum
potential wells in the conduction and valence bands, and is
referred to as a multiple quantum well (MQW) structure.
Applying an electric ®eld perpendicular to the plane of the
MQW layers reduces the photon energy required to create
an electron±hole pair, resulting in a redshift in the absorption spectrum of the structure. This effect is commonly
referred to as the quantum con®ned stark effect (QCSE) [8].
To illustrate the QCSE, the responsivity of a p±i(MQW)±
n SEED was measured as the applied bias and wavelength
were varied. The results in Fig. 5 clearly show that the large
and small peak, known as the heavy and light hole excitons
respectively, move to longer wavelength and decrease in
amplitude as the applied bias is increased.
A semi-empirical model of QCSE for circuit simulation
can be described as follows. The current density, at a given

Fig. 10. A single ended optical input to differential optical output circuit.
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subscripts hh and lh refer to the heavy hole and light hole
excitons, V is the bias voltage across the device and a 1, a 2
are ®tting parameters to model the continuum absorption.
The model and experimental data for a wavelength of
846 nm are compared in Fig. 6.
The p±i(MQW)±n SEED equivalent circuit can be represented by (i) a non-linear voltage±current controlled current
source described by JT; (ii) a parallel voltage dependent
capacitance C V to represent the spatial separation of
photocreated electron±hole pairs within the intrinsic
MQW region; and (iii) a series resistance Rs due to the
degenerately doped layers/ohmic contacts. The equivalent
circuit for the p±i±n SEED is shown in Fig. 8. In the ®gure,
JT represents the current given in Eq. (12) and Ic is a current
proportional to the voltage across the SEED device. The
optical input and output powers are represented as current
sources and labelled as Iin(Pin) and Iout(Pout) in the model.
Fig. 7 shows the characteristics of the p±i±n SEED, using
the model shown in Fig. 8 as a function of the voltage across
the device at different input power levels.
4.2. Optical addition and subtraction
Fig. 11. A differential optical input differential optical output circuit.

wavelength, due to the MQW absorption can be modelled as
JT V; Pin   Pin bhh exp 20:5 V 2 s hh =G hh 2 
1 blh exp 20:5 V 2 s lh =G lh 2  1 a1 V 1 a2 ;

12

where Pin is the input power and G i, b i and s i are the width,
strength and position of the excitonic responses. The

Fig.
circuit
power,
power,

9 presents a differential self-linearised modulator
[14]. The relation between the differential input
D in  PinH 2 PinL ; and the differential output
Dout  PoutH 2 PoutL ; can be expressed as
"v
I:
13
Dout  Din 1
e c
where "v and e are the photon energy and the electron
charge, respectively. By replacing the current source in

Fig. 12. Simulation results for the differential self-linearised modulator circuit shown in Fig. 9.
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Fig. 9 with a photodiode with incident power PD and setting
PinH  PinL as shown in Fig. 10 a single ended input optical
power to a differential output optical power circuit can be
obtained. The relation between the optical input power PD
and the output optical power can be written as
Dout  PD :

14

An optical addition and subtraction circuit can also be
designed based on the circuit shown in Fig. 9. This can be
achieved by replacing the current source with two photodiodes as shown in Fig. 11. The relation between the input
powers Di  PiH 2 PiL ; the optical bias power, Dos 
PosH 2 PosL and the output powers, Dout  PoutH 2 PoutL
can be written as
Dout  Dos 1 Di :

15

The same circuit can be used for subtraction by simply
interchanging either PiH and PiL or PosH and PosL in Fig. 11.
The simulation results are consistent with the analysis
and show the differential operation of the circuit. Using the
p±i±n SEED circuit model discussed in Section 4.1, SPICE
simulations were carried out and the results of the simulation for the differential SEED circuit are shown in Fig. 12.
The input signal to the circuit shown in Fig. 11 can be either
optical, electrical or both. For these simulations, a supply
voltage of 6 V was used to ensure the SEED operated within
the self-linearised region. Also, a strong optical bias signal,
Pos, was used to maximise the input current dynamic range.
For this simulation, a sinusoidal input current signal was
used with a frequency of 2 GHz. It should be mentioned
that these simulations represent idealised SEED operation.
4.3. Optical replication
Another important circuit to consider is the output
replicating SEED shown in Fig. 13 [14]. In this ®gure, the
input optical power source, Pos, is the same for all the
SEEDs. Hence, their differential output is zero. The function
of this circuit is to generate two identical outputs that are
proportional to the input current or differential input power
as mentioned earlier. The relation between the differential
output power, DA  PAH 2 PAL  and DB  PBH 2 PBL ;
and the differential input powers, Din  PinH 2 PinL  can
be written as
DA  Din and DB  Din :

16

The simulation results for the replicating circuit are
shown in Fig. 14. The simulation shows that two equal
differential outputs are generated which are equal to the
differential input power applied to the photodiodes.
4.4. Optical quantiser
A quantiser can be formed using two p±i±n or n±i±n
devices as shown in Fig. 15. Such a con®guration is
commonly referred to as a symmetrical SEED or S-SEED.
It should be mentioned that the SEEDs in this circuit are not

Fig. 13. An optical replicating circuit.

operating in the self-linearised region of operation. The
quantiser con®guration has `time-sequential gain', where
the state of the S-SEED can be set with a low power
beam and subsequently read out with a high power beam
Pclk. Detailed operation of such con®gurations can be found
in Refs. [9,11,18]. One problem with the S-SEED is the
hysteresis in its I±V characteristics. A number of techniques
to reduce this hysteresis have been presented in the literature
Refs. [1,11]. The consequence of hysteresis in oversampling
modulators is a reduction in the maximum SNR obtainable.
Using the developed device model the optical quantiser
shown in Fig. 15 was simulated using HSPICE as shown in
Fig. 16. The upper two simulations show the quantiser behaviour as a function of the differential optical power without
the inclusion of an optical clock signal. The upper graph
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Fig. 14. Simulation of the optical replicating circuit shown in Fig. 13.

shows the voltage at node Vc when two strong differential
optical signals are applied, while the second from the top
shows the voltage at Vc as a result of weaker differential
optical signals. As expected the S-SEED structure exhibits
hysteresis and the transition from one state to another is
dependent on the optical signal strength. The last two simulations in Fig. 16 show the quantiser switching behaviour as
a function of two weak optical signals. The last simulation
shows the effect of applying the optical clock signal to both
SEED devices to accelerate the device switching speed.
All the presented simulations are consistent with optical
quantiser behaviour described in the literature Refs.
[10,18].
5. A fully differential SEED error diffusion modulator
The circuit modules discussed in Section 4 are combined
in this section to design a fully differential error diffusion
oversampling modulator based on the analysis presented in
Section 2. The full modulator circuit is shown in Fig. 17. A
direct comparison between this ®gure and the architecture
shown in Fig. 2 shows that the single ended to differential
circuit is merged with the differential add±subtract module.
Furthermore, a replicating circuit is needed to provide a
replica of the add±subtract result to both the quantiser and
a second differential add±subtract module.
6. A fully differential SEED sigma±delta modulator
Fig. 15. A differential optical quantiser circuit.

Adopting the same technique used in the differential

S.F. Al-Sarawi et al. / Microelectronics Journal 33 (2002) 141±151

Fig. 16. Simulation of the quantiser SEED circuit shown in Fig. 15.

Fig. 17. A SEED implementation of the differential error diffusion architecture shown in Fig. 2.
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Fig. 18. A SEED implementation of the differential ®rst order sigma±delta modulator architecture shown in Fig. 4.

SEED error diffusion modulator, it is possible to design
a sigma±delta modulator. The new differential ®rst
order sigma±delta modulator is shown in Fig. 18. The
implementation shown in this ®gure differs from the
architecture shown in Fig. 4 in that only two delay
elements are needed. However, in the implementation
shown, four delay elements are used. The difference is
due to a trade-off of one differential add±subtract SEED
module for two extra delay elements. Comparing the
interconnect complexity of the sigma±delta implementation
to the differential error diffusion modulator shown in
Fig. 2, it can be seen that the sigma±delta modulator has
fewer optical waveguide intersections. This may simplify
implementation.
7. Conclusion
Differential architectures for both ®rst order error

diffusion and ®rst order sigma±delta modulators have
been presented. These architectures are suitable for
implementation in both p±i±n and n±i±n SEED technologies. A brief description of common SEED circuit
modules, together with SPICE behavioural simulations,
was also provided. These modules were then used in the
design of differential optical ®rst order error diffusion
and sigma±delta modulators. The paper illustrates the
techniques required to transform single-ended architectures to differential architectures. It is a straightforward
process to extend the application of these techniques to
higher order modulators. A feature of the architectures
presented is that they can be fully integrated into a
single substrate using MEMS technologies. This can
be done by incorporating integrated optical waveguides together with MMIC technology. The goal of
this work is a fully integrated differential optical oversampling modulator with extremely high resolution and
linearity.
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