
USE OF TRAVELLING WAVE CIRCUITS FOR CASCADE LASER DIODES

Stavros Iezekiel

Institute of Microwaves and Photonics
School of Electronic and Electrical Engineering,

University of Leeds, Leeds LS2 9JT, United Kingdom
Email: s.iezekiel@ee.leeds.ac.uk

ABSTRACT

Travelling wave structures are proposed for the simultaneous improvement of intensity modulation bandwidth,
modulation efficiency and impedance matching of semiconductor cascade lasers. The individual laser diodes act as
periodic load elements on transmission lines. A theoretical study shows that excellent microwave impedance matching
over more than an octave bandwidth with improved link gain is possible with this novel approach to cascading lasers. It
is also possible to resonantly enhance the relaxation peak by as much as 11 dB.

INTRODUCTION

The overall performance of directly modulated microwave fibre-optic links is hindered by the relatively low electro-
optic conversion efficiency of semiconductor lasers and also by the severe mismatch [1],[2] to the microwave system
impedance of 50 Ω. (Most edge emitting devices have an impedance with a real part of a few ohms). Recent work has
shown that by connecting several semiconductor lasers in series [3],[4], these problems can be mitigated substantially.
The semiconductor cascade laser (SCL) technique results in increased quantum efficiency ( > 100%) since the
modulation current is effectively recycled from one device to the next in the cascade. Hence it is possible to achieve
fibre links with intrinsic RF gain. A further benefit of the SCL is that the relative intensity noise can be reduced.
Moreover, it is possible to design SCLs that are impedance matched by choosing number of devices in the cascade so
that the total impedance is approximately 50 Ω. SCLs have been demonstrated by connecting discrete semiconductor
lasers in series [4] and also through monolithic integration of several active regions [5].

In this paper, a novel approach to connecting arrays of semiconductor lasers is proposed, which unlike the series
cascade technique can be applied to an arbitrary number of devices and provide better impedance matching and
enhanced RF gain over wider modulation bandwidths. The technique relies on the concept of periodically loaded
transmission lines [6]. This approach has already been used in the design of travelling wave photodetectors with mm-
wave bandwidths [7]. The proposed travelling wave semiconductor cascade laser (TW-SCL) is shown in Fig.1. The
individual laser diodes provide series loads at regular intervals (which for most devices would be predominantly
inductive), whilst the purpose of the shunt open circuit stubs is to provide shunt capacitive loading over the modulation
bandwidth of interest. Although four devices are shown in Fig.1, in principle an arbitrary number can be included in a
TW-SCL. Through appropriate selection of transmission line lengths and characteristic impedances, it is possible to
obtain an approximation to a low-pass filter response. As long as the cut-off frequency is chosen to exceed the laser
diode relaxation frequency, it is possible to use this structure to obtain excellent impedance matching without
jeopardising the intensity modulation (IM) response. Moreover, the use of open circuit stubs means that there is only a
single DC path through all four devices, hence this structure re-uses bias and modulation current in the same way that
the SCL does [3],[4]. In this case, however, the modulation current takes the form of a travelling wave which
propagates along the TW-SCL.

Fig.1. Series travelling wave semiconductor cascade laser
(shown for four semiconductor lasers)



MODELLING

A two-port equivalent circuit representation [8] of the linearised single-mode rate equations has been used to analyse
the TW-SCL. Such an approach allows both the intensity modulation (IM) and return loss (RL) response to be studied
with a linear circuit simulation program. A typical model is shown in Fig.2 for an etched mesa buried heterostructure
(EMBH) semiconductor laser [9] with a relaxation frequency of approximately 3 GHz. Element values for a bias current
of 40 mA are: CP = 0.18 pF, LP = 1.10 nH, RP = 1.00 Ω, CSUB = 13.00 pF, RSUB = 0.50 Ω, RS = 11.00 Ω, CSC = 1.00 pF,
CD = 900.00 pF, R1 = 1.44 Ω, RS1 = 0.02 Ω, LS = 2.55 pH, RS2 = 0.38 mΩ. This model has been chosen simply to
ill ustrate the travell ing wave techniques used here, which are just as applicable to state-of-the-art devices with
bandwidths in excess of 20 GHz. The low input impedance of the EMBH device is dominated by bond wire inductance,
resulting in a very poor (< 5dB) microwave return loss performance (Fig.3). Fig.s 3 and 4 also ill ustrate the
improvements in the RL and IM responses respectively when four identical devices are connected in a series cascade.
For N devices, the differential efficiency of the SCL increases linearly by a factor N. In this case, the IM response
(which is proportional to differential efficiency) improves by as much as 6 dB (≈ 10 log10 4) over the modulation
bandwidth. (The IM response of the EMBH laser is normalised to 0 dB at 0 GHz). Both the RL and IM response,
however, can be further improved by connecting the devices in the travell ing wave structure proposed here.

A commercial microwave circuit simulator (ADS) has been used to analyse and optimise the structure in Fig.1 to
provide a return loss well in excess of 20 dB from 1 GHz to 3 GHz. The resulting transmission line characteristic
impedance values are ZS1 = ZS5 = 119.33 Ω, ZS2 = ZS3 = ZS4 = 71.47 Ω, Z1 = 52.12 Ω, and the corresponding electrical
lengths at 1 GHz are 12.180, 13.650 and 10.720 respectively. It can be seen from Fig 3 that the series TW-SCL structure
gives an excellent broadband impedance match which is far superior to the cascade version. At low frequencies, the
transmission lines approximate short circuits and the TW-SCL and SCL have a similar RL performance. However, at
higher frequencies the RL performance of the TW-SCL improves over that of the SCL (having a value well i n excess of
20 dB between 1 GHz and 3 GHz). It also compares well with simple resistive matching (using a series 48 Ω resistor) of
a single device.

The travelli ng wave approach also leads to an enhancement of the IM response. As the input microwave signal
propagates along the TW-SCL, it encounters loss due to the resistive elements of the semiconductor lasers. This effect
manifests itself as a degradation in the IM response of the individual lasers when compared to single devices. This
degradation is similar to that obtained when using resistive matching on a single device. However, if all four laser
outputs are optically combined in phase, then the IM response is improved by as much as 6.6 dB over a single device at
3 GHz (Fig.4). This is an enhancement of 2.2 dB compared to the simple cascade connection approach used in the SCL
[3],[4] and of 10.2 dB compared to a single resistively-matched device. In terms of 3 dB bandwidth, the TW-SCL has a
bandwidth of 4.26 GHz compared to 3.9 GHz for the SCL and 3.57 GHz for a single device. In order for the lasers’
modulated optical outputs to add in phase, optical fibres whose electrical lengths at 1 GHz correspond to 180O for the

Fig.2 Equivalent circuit model of laser diode package (top)
and semiconductor laser active region (bottom) used in

simulations.



leftmost device, decreasing by 40O for each successive neighbouring device, can be used prior to an optical fibre 4 × 1
coupler.

Further simulations and optimisation were then carried out to investigate the potential of the new structure (in Fig.1) for
enhancing the modulation bandwidth of laser diodes, and for increasing the resonance peak. It is possible to produce a
TW-SCL structure whose IM response is improved compared to the SCL up to a frequency of approximately 10 GHz
(Fig.5), without significantly compromising the RL. The resulting transmission line characteristic impedance values are
ZS1 = ZS5 = 97.75 Ω, ZS2 = ZS3 = ZS4 = 125.00 Ω, Z1 = 65.53 Ω, and the corresponding electrical lengths at 1 GHz are
5.320, 5.000 and 5.000 respectively. The fibre lengths (left to right along the structure) are 2090, 1910, 1740 and 1540

respectively.

However, it is also possible to sacrifice the broadband RL performance in return for dramatically improving the
resonance peak of the IM response. This is illustrated in Fig.6 for two TW-SCL structures labelled TW-SCL-1 and TW-
SCL-2. TW-SCL-1 has the following values: ZS1 = ZS5 =121.57 Ω, ZS2 = ZS3 = ZS4 = 16.30 Ω, Z1 = 15.17 Ω, and the
corresponding electrical lengths at 1 GHz are 74.740, 16.330 and 5.850 respectively. The fibre lengths (left to right along
the structure) are 2690, 2240, 1820 and 1440 respectively. As much as 7.4 dB improvement in the IM peak (at 3.2 GHz)
compared to the SCL can be obtained, whilst the improvement is 11.8 dB compared to a single unmatched device.
Whilst the corresponding RL at this frequency is 25 dB, away from 3.2 GHz it is worse than that for a SCL. The second
structure, TW-SCL-2 has the following values: ZS1 = ZS5 =50.35 Ω, ZS2 = ZS3 = ZS4 = 125.00 Ω, Z1 = 24.14 Ω, and the
corresponding electrical lengths at 1 GHz are 6.440, 5.000 and 5.000 respectively. The fibre lengths (left to right along
the structure) are 2440, 2340, 2080 and 1960 respectively. In this case, although the IM peak is not as high as for TW-
SCL-1, the overall response is still significantly improved compared to the SCL, and it does not have notches in its
response.

CONCLUSIONS

In conclusion, a novel travelling wave configuration for the impedance matching of laser diode arrays has been
proposed which also offers the prospect of enhanced intensity modulation responses and increased 3 dB bandwidths. In
particular, the series travelling wave cascade laser configuration shares the advantages of bias current and modulation
current re-use that the series cascade laser [3],[4] has but with a far improved impedance match and an enhanced IM
response over broad bandwidths. Furthermore, it is also possible to produce significant enhancement of the resonance
peak in the intensity modulation response.

Fig.3 Return loss performance of the TW-SCL structure
compared to other approaches.

Fig.4 Intensity modulation response of the TW-SCL
structure compared to other approaches.
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Fig.5 Intensity modulation response of the TW-SCL
structure when optimised for bandwidth, compared

to the SCL

Fig.6 Intensity modulation response of the TW-
SCL structure (when optimized for peak
modulation response) compared to other

approaches.


