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    Monolithic photoreceivers for 40/43 Gbit/s fibre-based communication systems are reviewed. A versatile

integration concept supports the fabrication of special high-power photodetectors as well as electrically post-

amplified receivers. Future developments towards 80 Gbit/s data rates are discussed, based on fabricated

60 Gbit/s pinTWA photoreceivers.
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Introduction

    Actually long-haul optical communication systems are upgraded for single channel bit rates of

40/43 Gbit/s, helping to exploit the transport capacities of the SMF of about 10 Tbit/s by joint progress in

combining TDM and WDM techniques (e.g. 256 channels). The Internet traffic growth is boosting such

developments, dominated by growth rates in Asia-Pacific of 126 % in 2002, followed by european Internet

traffic growth of 115 % last year, just only 11% less than in Asia. For 2003, it is expected (RHK) that

European traffic growth will outpace Asia-Pacific. High-bit rate photoreceivers are key components for

optical network extensions on all system levels (transport, metro).

Within the framework of KomNet (BMBF) Heinrich-Hertz-Institut developed several kinds of 40/43

Gbit/s photoreceivers for industry partners. Depending on the system concept, i.e. the extend of optical

pre-amplification and driving needs of high-speed demultiplexing electronics, high-power photodiodes of

special structure (twin-type or balanced) and InP-based monolithically integrated photoreceivers (OEIC

receiver), based on a flexible integration concept, using semi-insulating substrates and semi-insulating

optical waveguide layer stacks, have been developed. In the first section, this integration concept will be

explained in detail, which allows the monolithic integration of waveguides, MMI splitters, evanescently

coupled pin photodiodes, HEMTs and (distributed) amplifiers. The latter besides the HEMTs comprise

further passive components like coplanar transmission lines, capacitors and resistors, thus forming an

MMIC technology in conjunction with optoelectronics (photoreceiver OEICs). In the second section,

based on this integration concept, special high-power photodetectors of the twin-type and balanced type

will be shown for 40 Gbit/s detection and in the third section, several types of pinTWA receiver OEICs up

to 60 Gbit/s data rate handling capability will be presented. The paper finishes with an outlook towards

concepts for receiver integration for 80 Gbit/s and higher.

I. The versatile photodetector and receiver OEIC integration concept

    The concept of photodetectors, realized within a monolithic integration scheme, should provide superior

single photodiode performance, e.g. with respect to ultrahigh bandwidth in the 70 GHz range [1] and high-

power signal conversion [2], as well as flexible applications of several photodiodes in different, but in all

cases optical waveguide-fed circuit configurations, e.g. twin-type [3, 4] or balanced type [5] detector

configurations. The waveguide-fed evanescently coupled photodiode concept thus should exhibit

advantages in all cases, where hybrid realisations suffer from critical stability using fibre networks, where

stable operation is often paid by thermal stabilisation needs. Using generally semi-insulating optical



waveguides for signal feeding, a monolithically integrated taper at the waveguide facet has to be included,

to lower the coupling losses to a standard butt-ended SMF and to increase the adjustment tolerances into

the ±2 µm range. This detector integration is carried out within a one-step MOVPE growth of the semi-

insulating optical waveguide layers and the active photodiode layer stack. The mask levels for structuring

the optical feeding waveguides may be used as well to form e.g. MMI couplers or 3dB splitters, in case of

e.g. the twin-type photodetectors [3, 4].

Within this, so far solely detector integration concept, we face now towards the next step of integrating

electrical amplifiers, i.e. the InP-based photoreceiver comprises additionally a HEMT-based traveling wave

amplifier [6, 7]. These OEICs were fabricated employing now a two-step MOVPE/MBE epitaxial

approach for the WG-integrated PD/HEMT layer stacks, allowing an independent optimization of the

single devices [8]. All devices are integrated on top of a semi-insulating waveguide layer stack being

composed of three quaternary optical guiding layers embedded within InP and an upper thicker waveguide

layer, see Fig. 1. The evanescently coupled photodiode is grown on top of this stack within a single

MOVPE growth run, see the left part of Fig. 1.

Fig. 1: Cross section of the versatile integration concept, showing the integration of a pinTWA photoreceiver

with an evanescently coupled pin photodiode on top of a semi-insulating optical waveguide layer stack (one-

step MOVPE growth) and an MBE re-grown HEMT-based traveling wave amplifier (second growth step).

After structuring the photodiode(s) by combined wet and dry chemical etching steps, MBE re-growth is

applied for the AlInAs/GaInAs lattice-matched HEMT layer stack. All devices are well insulated from each

other due to the good dielectric properties of the MOVPE grown Fe-doped layer stack with specific

resistances higher than 5*107
Ωcm.

The HEMT gate recess and the photodiode mesa are defined by dry chemical etching (RIE). The

subsequent MMIC processing includes the formation of the NiCr resistors, MIM capacitors, and

metallization for interconnections. MIM capacitors and metal film resistors are used as passive devices,

applied for the amplifier as well as for the biasing network of the photodiode. Gold electroplating forms

coplanar waveguide interconnections employing air bridges. The HEMTs are coupled to coplanar

transmission lines by quasi-microstrip lines, which are formed by airbridges over a groundplane. A further

BCB layer is used for passivation purposes of the mesa pin diodes.



The spot size converter is integrated by exploiting the additional diluted waveguide formed by the buried

semi-insulating GaInAsP guiding layers beneath the more confining GaInAsP:Fe waveguide, which feeds

the photodiode. The latter is vertically tapered with a ramp of less than 1 µm over a length of approx.

1 mm to provide a quasi-adiabatical conversion of the spot size. The spot size converter increases the fibre

alignment tolerances by one order of magnitude and enables the use of a cleaved instead of a lensed fibre.

For antireflection purposes, the optical input facet of the photoreceiver OEIC was covered by TiO 2/SiO2.

This integration sequence can be also used to fabricate kinds of waveguide-fed evanescently coupled

detectors only, or to fabricate purely electrical HEMT-based amplifiers, simply by selecting subsets from

the entity of all mask levels.

II. High-power photodetector receivers

    Since single photodetectors, based on this integration concept, are now commercially available [9], this

paper focuses on special applications of waveguide-integrated detectors like twin-type (section II. A) and

balanced type detectors (section II. B), which take profit from the waveguide-fed integration scheme.

II. A Twin-type photodetectors

    For compact integration of 40 Gbit/s optical frontends a distortion robust detector type is useful, which

effectively suppresses all radiated or electromagnetically coupled interference signals from digital circuitry

mounted within the same housing. Therefore it is desirable to provide directly from the detector two

symmetrical electrical signals with opposite polarity to the inputs of the differential amplifier at the

demultiplexer stage. This is achieved with a twin-type photodetector module featuring broadband

differential operation at λ=1.55 µm. Our InP-based photonic integrated twin-photodetector comprises a

vertically tapered spot size converter, a multimode interference (MMI) coupler for optical 3 dB power

splitting and two waveguide-fed evanescently coupled high-speed pin photodiodes [3, 4], one with inverse

polarity. The design of our differential detector was described earlier [3] and is schematically depicted in

Fig. 2.

To realize a robust packaging the

photodetector chip was mounted on a

ceramic substrate, containing a 50 Ω

termination, too, and connected via bonding

wires to the coplanar stripes (CPS) leading

to the two V-connector output ports [4]. In

order to minimize optical reflection the input

facet of the chip was TiO2/SiO2-coated and

a low-reflective butt-fibre with optical return

loss better than 27 dB was used. Fig. 3

shows a top view into the twin-

photodetector module.

For differential operation of a subsequent

electronic circuit (e.g. demux stage) it is

necessary to receive equal absolute

photocurrents from both photodiodes.

Therefore we firstly examined the ratio

+

CPS

-Ipd2

  Ipd1

3dB splitter

spot-size
transformer

Fig. 2: Basic design of the twin-photodiode; the input light

coupled from a butt-ended fibre into the integrated spot-size

transformer is guided to an MMI 3dB splitter, which guides

50 % of the input light to each of both photodiodes, which

exhibit opposite output polarities. These outputs are guided via

coplanar stripes to the chip edge.



IPD1/IPD2 in dependence of the fibre-chip coupling.

Using on-wafer probing techniques we varied the

lateral position of the butt-fibre, monitoring both

photocurrents. Due to the integrated spot-size

transformer we obtained large alignment tolerances of

more than ± 2 µm @ 1 dB additional loss for both

states of polarization, revealed by the sum of both

photocurrents. The photocurrent ratios remain within

1 dB for all applicable offset positions indicating that

values of less than 0.5 dB are achievable by minor

lateral detuning during the fibre-chip coupling. To

estimate the polarization dependence of the device we

measured both photocurrents at different polarization

angles of the incoming light. Both total photocurrent and photocurrent ratio exhibit little deviations of less

than 0.5 dB promising balanced polarization insensible operation.

Pulse response measurements of the twin-

photodetector module were performed in

the time domain using a picosecond laser

source (FWHM: 3 ps, repetition rate:

16 MHz) and a 50 GHz sampling scope.

We observed symmetric narrow pulses

and negligible ringing. Fig. 4 shows the

received pulses of both photodiodes with

500 mV peak voltages corresponding to a

photocurrent of 10 mA, which is

sufficiently high to drive directly the

demultiplexer stage. At a reverse bias of

2 V the FWHM of 13.97 ps and 14.36 ps

remained constant up to optical input

energies of 0.94 pJ, demonstrating the

high power capability of the photodiodes.

Using a heterodyne setup to study the

power transfer functions of the twin-

photodetector module, a 3 dB cut-off frequency of 45 GHz was achieved, well suited for 40 Gbit/s NRZ

and RZ operations. The total responsivity amounts to 0.31 A/W. Such modules operated successfully at 43

Gbit/s data rates in the Siemens AG KomNet test bed long haul transmission between Darmstadt and

Mannheim (107 km), their dynamic range of photocurrents for fixed BER=10-9 is typically 40 % higher

than using comparable single photodiodes.

II. B Balanced photodetectors

    A balanced photodetector is a key element for direct detection in differential phase shift keying  (DPSK)

transmission formats, where a bipolar reception scheme is desired [10]. Furthermore it is a useful

component in high-performance radio-frequency (RF) photonic systems for effective noise suppression

resulting in an enhanced signal-to-noise-ratio.  One important parameter of the balanced photodetector

Fig. 4: Pulse measurements of the twin-photodetector module,

showing symmetric differential amplitude of 1 V. The

excitation was applied from a 3 ps laser pulse source.

Fig. 3: Twin-photodetector OEIC after mounting,

bonding and optical coupling with a butt-ended

fibre.



required by these applications is the common-mode-rejection ratio (CMRR), which specifies the symmetry

of the two photodiodes over the entire bandwidth, defined as (IPD1-IPD2/IPD1+IPD2). Monolithically

waveguide-integrated balanced photodetectors provide excellent RF-matching of both photodiodes, broad

bandwidth, high power capability and reduced packaging cost. In this section we report on the design,

packaging and characterization of a fully packaged high-speed balanced photodetector module, suitable for

operation in 40 Gbit/s transmission systems [5].

Fig. 5 depicts the basic design

of the integrated balanced

photodetector based on InP,

which contains two spot-size

transformers, two waveguide

S-bends and a pair of high

speed pin-photodiodes (PD1

and PD2) with high power

capability [2]. The evanes-

cently coupled photodiodes

with an active area of

5 µm*25 µm are located on

top of the semi-insulating waveguide layer stack and are biased by means of integrated bias-circuits. The

photodiodes are electrically connected in series; hence current subtraction is done directly on chip,

essentially improving the RF performance at high frequencies. To achieve a robust packaging the chip was

mounted on ceramic substrate and wire bonds realized all electrical connections. The RF output is provided

via a short coplanar waveguide (CPW) transmission line on TMM 10i substrate leading to the output port.

Using a standard two-way fibre array with 250 µm pitch the optical coupling was performed

simultaneously for both inputs. By monitoring both photocurrents the fibre array was aligned. Once the

position with maximum currents was reached, two glass blocks laterally fixed the array. In this way a

responsivity of 0.24 A/W of each PD with a polarization dependent loss of less than 0.8 dB in a first

prototype module was achieved. At least 0.5 A/W, known from chip-based measurements, should be

possible by the use of a more suitable fibre array and a further improved fibre-to-chip coupling procedure.

In order to expand the RC limitation with respect to two parallel-interconnected pin diodes a hybrid NiCr

load resistor on an InP chip RL was implemented between the detector chip and the CPW output

transmission line. The finished module provides two fibre pigtails for the optical input, two pins for +2 and –

2 Volt biasing, respectively, and one coaxial V-connector output port [5].

The module shows a 3 dB cut-off

frequency of 34 GHz and pulse widths of

15 ps [5]. By integrating the load resistor

on the detector chip, bandwidth could be

further improved, as circuit simulation

shows. The measurements demonstrate

high symmetry between both photodiodes

up to signal frequencies of 30 GHz due to

our compact monolithic integration scheme.

This results in a broadband common-

mode-rejection ratio of more than 20 dB.
Fig. 6: Received NRZ eye pattern of one of the diodes of the

balanced receiver module at 40 Gbit/s with PRBS 2
31

-1

(10 mV/div, 10ps/div).

Fig. 5: Schematic view of the balanced photodetector.



Fig. 8: 50 GHz single-chip pigtailed

photoreceiver module with a pinTWA InP-

receiver OEIC for λ=1.55 µm.

Utilizing a 40 Gbit/s optical transmitter we measured the NRZ modulation format eye pattern characteristics

with PRBS 231-1 at an input power of 4.3 dBm in the unbalanced operation mode. The received eye

diagram is clearly opened, as shown in Fig. 6 for one photodiode illuminated at 1.55 µm.

III. PinTWA photoreceiver OEICs

    Amplified receivers, i.e. photodetectors, monolithically integrated with an electrical post amplifier are

useful in those cases, where optical input power is limited, or high power is too expensive, or if more loop

gain is needed. The electrical amplifier circuit in the 40 Gbit/s range may be of the transimpedance type

[11] or of the distributed (traveling wave) type [6]. In our laboratory we prefer the traveling wave type

amplifier (TWA), because this amplification scheme exhibits higher frequency performance in view of

forthcoming single channel bit rates of 80 to 160 Gbit/s. PinTWA receiver OEICs, comprising a tapered

optical input waveguide, an evanescent-coupled pin photodiode and several high-electron mobility FETs

(HEMT), have been developed for 40/43 Gbit/s bit rates and NRZ or RZ modulation format according to

industry specifications.

Following the integration

scheme in section I a pinTWA

photoreceiver circuit according

to Fig. 7 was implemented

[11].

In a module optical coupling is

done by fixing the butt fibre

directly at the OEIC’s tapered

waveguide facet by UV curable

resin. The optical return loss

was better than 30 dB. This

coupling type provides high

robustness against vibration

and thermal cycling under field

operating conditions. The RF

output of the OEIC was

connected via bonding wires to

a short coplanar waveguide on TMM 10i substrate, which

leads to a 1.85 mm connector at the end. A return loss of

better than 10 dB was measured over 40 GHz bandwidth.

Fig. 8 shows the finished photoreceiver module with

FC/PC connector.

The TWA and the photodiode are supplied with a single

bias voltage of 2 V. The total power consumption is as low

as 90 mW. The characterization of the module was carried

out by optical heterodyne measurement of the power

transfer function, delivering a bandwidth of 50 GHz [12].

A further test of the broadband conversion capability was

done within an ETDM experiment using a 40 Gbit/s bit

stream (Lucent Technologies). Fig. 9 shows the measured

Fig. 7 Circuit scheme of a pinTWA photoreceiver OEIC comprising the

waveguide-integrated pin photodiode and a HEMT-based traveling wave

amplifier. Biasing is applied via an external bias-T back at the RF output.



eye pattern at the photoreceiver module output. The eye is widely opened even for the 500 mVpp Rx

module output voltage scaling, demonstrating good demux driving capability.

The Rx module’s bandwidth of 50 GHz is even well

suited to support the 40 Gbit/s RZ modulation format.

So far an external bias-T was used, due to OEIC circuit

simplicity. These bias-Ts are expensive and show

transmission losses of about 1.5 dB in the range of

40 GHz, such loss values increase in cases of higher

frequencies (60 GHz) and unfortunately partly

compensate the gain of the build-in amplifier. The

improved circuit scheme of a recent pinTWA

photoreceiver is given in Fig. 10 [13].

The DC current is now fed into the terminal Vdd, which is

blocked additionally at the ceramic board in the module

with larger capacitors (100 nF) to GND, to provide flat low-frequency gain down to 30 kHz. Concerning

the circuit scheme at the output, the TWA RF output is still DC-coupled to the subsequent electronics, but

the amplifier’s/HEMT source

bias return path is DC-

decoupled from the RF output

GND employing an on-chip

MIM capacitor of 100 pF in

Fig. 10 [14]. Due to the applied

negative bias at the source

terminal the necessary reverse

bias for the photodiode is

generated automatically, thus the

bias Vpd pad of the photodiode

may remain at zero bias in most

cases of low and moderate

optical input power. Only for

very high input power

(> 5 dBm) it is advantageous

with respect to the pulse width

to increase the bias at this terminal slightly by +1 V.  The supply voltages Vdd (+4.3 V) and Vss (~ -2 V at

the source terminal) can be fine adjusted to provide an arbitrary DC potential at the DC-coupled TWA

output, in order to precisely fit the input specifications of the subsequent amplifier or DEMUX circuitry.

By this OEIC modification the bias-T is omitted and the system costs of photoreceiver operation are

considerably reduced. Additionally, the effective gain is increased by the amount of external losses of the

bias-T, and the useable bandwidth and gain flatness are improved, too.

Packaging of this receiver OEIC was done within the same package familiy as shown in Fig. 8. The module

bandwidth exceeded 50 GHz [13]. The measurement of the 40 Gbit/s NRZ modulation format eye pattern

characteristics was done using a 40 Gbit/s optical transmitter SHF 4003A (SHF Communication

Technologies) and a digital communication analyzer hp 83480A with SD32 50 GHz sampling head. The

optical input power was -1.6 dBm. The received eye pattern is widely opened with output voltages of

Fig. 9: Measured 40 Gbit/s eye pattern of the

receiver module at an optical input power of

+6.4 dBm.

Fig. 10: Circuit scheme of the improved negative bias photoreceiver,

where the bias-T is omitted; biasing is done by feeding the DC power into

terminal Vdd. The AC output is still DC coupled to subsequent electronics

(post/limiting amplifier or DEMUX).



110 mVpp, see Fig. 11. The Q-factor amounts to 11.8, indicating that the potential of the photoreceiver

extends to even higher bitrates, for which digital measurement equipment is not commercially available.

To obtain reliable eye pattern information  for this

photoreceiver module at arbitrary higher bitrates, a

procedure of calculating the minimum phase of the

module (Hilbert’s transform) and using this phase together

with the measured amplitude by heterodyne technique

[15] was applied, to synthesize eye patterns for the NRZ

modulation format at 60 and 66 Gbit/s, both of which are

shown in Fig. 12 a, b.

It can be seen, that the standard mask for STM64

(10 Gbit/s), which is assumed to be valid also at those

higher bitrates, is unaffected up to bitrates of 60 Gbit/s

and the eye pattern is still well opened at 66 Gbit/s for the

NRZ modulation format.

IV. Monolithic photoreceivers for 80/85 Gbit/s and higher

    Photoreceiver OEICs for bit rates higher than 40/43 Gbit/s will be continueously developed at FhG-HHI

based on further optimisation of evanescently coupled photodiodes und based on distributed amplifiers

employing AlInAs/GaInAs/InP HEMT technology. Actually, gate lengths of about 0.2 µm are used,

achieving fT/fmax values of 110/240 GHz. Reducing the gate length into the 130 nm range, increased cut-off

frequencies of fT/fmax of 170/300 GHz are expected, which are sufficient for the 80/85 Gbit/s receivers.

Both active components, evanescently coupled photodiode and distributed amplifier, have a very promising

broadband frequency potential exceeding 100 GHz, thus the 80/85 Gbit/s photoreceivers shall be

developed within the existing integration concept. Corresponding electrically multiplexing and

demultiplexing circuits for 80/85 Gbit/s are now realizable applying SiGe or InP-based technology for

digital circuits (HBT-based as well as HEMT-based [16]). For even higher bit rates (160 Gbit/s) the TWA

concept will still be preserved [17], but now using further reduced HEMT gate lengths in the 80 nm range,

for the photodiode the evanescent coupling will be complemented by a traveling wave design.

Fig. 11: Measured 40 Gbit/s NRZ eye pattern

of the photoreceiver module  at -1.6 dBm,

PRBS: 2
31

-1; the Q-factor exceeds 11.8.

Fig. 12 a, b: Synthesized eye pattern at 60 Gbit/s and 66 Gbit/s with 1024 bits for NRZ modulation [15].



V. Conclusion

    An universal integration scheme for photodetector and photoreceivers was presented. It is based on

waveguide-integrated photodiodes and an underlying semi-insulating optical waveguide layer stack

(GaInAsP:Fe), which allows, to fabricate arbitrary stable optical feeding networks also for specialized

detectors, like twin-photodetectors and balanced receivers. The underlying waveguide stack is the basis for

an MBE re-growth of a HEMT layer stack, if electronics have to be integrated, too. In this way

photoreceiver OEICs comprising different circuit configurations of traveling wave amplifiers have been

fabricated, which operate in the 40…60 Gbit/s data range. Several photodetector and receiver modules

were successfully tested within field trials by the partners Siemens AG, Alcatel SEL AG and Lucent

Technologies up to 43 Gbit/s (including FEC schemes).

The way to 80/85 Gbit/s monolithic photoreceivers was described, based on the photoreceiver integration

with 60 Gbit/s data rate handling capability.

The integration scheme is also applicable for narrow-band photoreceivers with resonant enhanced

responsivity, useful for clock recovery purposes or optic/mm-wave signal converters [18]. Respective

devices for 80/85 GHz detection bands are under fabrication. Balanced receivers of the next generation

may include an MMI coupler at the input of the two diodes, for on-chip optical signal mixing. Further

advanced versions of those balanced receivers may integrate a bit delay within a waveguide Mach-Zehnder

network for DPSK demodulation purposes.
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