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Abstract: A transfer matrix based modcl is discussed which was used to simulate a novel 
wideband tuneable laser design. This model can simulate the predicted behaviour of an arbitrary, 
multi-section distributed Bragg reflector (DBR) laser and can successhlly predict tuning 
behaviour, threshold current, output power and static side-mode suppression ratio. The particular 
DBR laser, the digital super-mode DBR (DS-DBR), tunes by means of a highly uniform comb of 
narrow reflection peaks coupled with a multi-grating structure that can be used to digitally select a 
sub-band of the total tuning range. By selecting sub-bands in tum, the whole tuning range of the 
device can be accessed. Results of the model are compared with experimental results for this 
device which show a tuning range of around 50 nm, together with output powers in the range 
8-9 dBm and a side-mode suppression ratio of better than 5 0  dB over 80 WDM channels at 
50 GHz spacing. These results are for a device packaged in a standard 26-pin buttemy module. 

1 Introduction 

Widely tuneable InP lasers can, in principle, cover one or 
other of the Er-doped fibre amplifier windows and have 
been acknowledged as a key component for futurc DWDM 
communication systems [I] .  However, the change in 
refractive index that can be achievcd by current injection 
into a grating section is limited to about I-2% correspond- 
ing to around IO nm in wavelength terms, so some further 
mechanism is required to extend the tuning range. One 
strategy is to use a comb reflector with several reflection 
peaks at one end of the laser device and then use some 
means of selecting one. of those peaks. By selecting 
different peaks in tum the total tuning range of the 
device can be enhanced by a factor equal to the number 
of reflection peaks used. One way to do this is by vernier 
tuning two different grating combs [Z, 31. Vemier-tuned 
devices typically require multidimensional current control 
algorithms for wavelength selection. 

In this paper, we present a new multi-section DBR lascr 
that can be controlled in a simple, quasi-digital manner. 
The wavelength can be coarsely selected by applying 
current to one or inore of the front contacts to form an 
enhanced reflection peak and select a sub-band of the total 
tuning range. Current applied to the rear grating contact 
allows tuning within that range and a phase section allows 
fine tuning control. By selecting front contacts in turn, the 
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full tuning range of the device can be accessed. The 
successful operation of this novel tuning mechanism 
depends critically on the top-hat shape of the reflection 
comb produced by the rear reflector. In the present device 
the rear reflector is a phase grating [4]. 

Our multi-section DBR device has been modelled using 
a transfer matrix based approach that can calculate thresh- 
old current and lasing wavelength for any applied set of 
tuning currents. The model can also estimate other impor- 
tant quantities such as output power and static side-mode 
suppression ratio and is applicable to any multi-section, 
integrated, semiconductor DBR laser. Using this tool we 
were able to predict the operation of the laser and explore 
some of its design space before any actual devices were 
made. We present initial experimental results showing 
single-mode behaviour with a high side-mode suppression 
ratio and wide tuning range in excellent agreement with the 
predicted tuning. 

2 Design issues 

In this paper we describe a new four-section device consist- 
ing of front and rear gratings, a gain section and a phase 
section [ 5 ] .  A schematic of this device is shown in Fig. 1. 
The rear grating provides a comb reflector, whilst the front 
grating consists of a series of very short gratings of different 
pitches each with its own electrical contact. In the absence 
of current the front reflector provides a spectrally broad 
reflection with little modal discrimination. When a current 
is applied to one of the front contacts, the change in 
refractive index induced is sufficient to shift its Bragg 
Wavelength to coincide with the Bragg wavelength of its 
shorter wavelength neighbour. This produces an enhanced 
reflection peak at a particular wavelength (Fig. 2). Since the 
gratings are short, this enhanced reflection peak can be 
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Fig. 1 Schematic of the DS-DBR co,rcepl (not to scole) 

spectrally rather broad and it effectively selects a sub-hand 
of the total tuning range by picking out one and only onc of 
the narrow peaks from the comb reflector at the other end of 
the device. Tuning within this sub-hand is possible by 
injecting current into the rear grating. Through the correct 
choices of pitches for the short front gratings it is possible 
to select different, overlapping tuning suh-bands by simply 
injecting current into different parts of the front grating 
structure. 

In order for this novel tuning mechanism to work 
successfully the comb reflector needs to consist of peaks 
of approximately the same height. In practice, the peak 
height variation must he less than 1-2 dE since the 
enhancement that can be obtained by adding gratings 
together at the front of the device is clearly at hest a 
factor of two and the magnitude of the gain across the 
tuning band will show some variation. With this limitation 
in mind a suitable choice is a phase grating, which consists 
of a number of lengths o f  uniform grating separated by n- 
phase shifts [4]. By choosing the correct lengths for the 
gratings between the phase shifts, the spectral response of 
the grating can he tailored into a comb reflector consisting 
of a number of equally spaced peaks of almost equal 
heights and very small spurious peaks (Fig. 2 ) .  

This new design offers several advantages over alter- 
native approaches. First, the total current that needs to he 
injected into the front section to form a reflection peak is 
small. This is because at any one time we only pump a 
small part of the complete front grating structure. In turn 
this leads to less free-carrier absorption and less variation 
in output power as thc dcvicc is tuned. Secondly, the 
control of the device is in principle rather simple since it 
is quasi-digital. That is to say that once the front tuning 
currents have been applied to select a tuning sub-hand the 
width of the front grating reflection is sufficient that the 
operating wavelength is defined by the rear grating (and 
phase section). Therefore, high accuracy in the front 
grating tuning is unnecessary. 
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Fig. 2 
An enhanced oeak is formed in the front reflector hv iniectine current 

fliagranz showing fhe,fmnr and rear refkctor re.~ponser 
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tn select a tuning sub-band. The exact lasing wavelength is determined 
by the rear reflector 

3 Theory 

The approach that we have used to model the DS-DBR 
device is the transfer matrix method [6]. This simple yet 
powerful frequency-domain method has been applied to a 
wide range of problcms, including the modelling of photo- 
nic crystals [7] and low energy electron diffraction [SI. In 
gcncral, the transfer matrix method can analyse the 
response of an arbitrary three-dimensional scatterer, hu t  
in the context of a single-mode laser waveguide we can 
reduce the problem to a one-dimensional case. In this 
instance the transfer matrix is simply a (2 x 2) matrix 
which relates the amplitudes ofthe forwards and backwards 
propagating waves at ( r )  with the amplitudes at ( T + c ) .  If 
we divide our laser structure up into a number of simple, 
discrete sections for which we can find the transfer 
matrices, then the transfer matrix for the complete laser is 
given as the product of the matrices for the individual parts. 
We can therefore relate the forwards and backwards travel- 
ling waves at one end of the device to those at the other end 
(Fig. 3). (Note that the transfer matrices for different laser 
sections are found by coupled-mode theory [9]. For a 
detailed discussion including explicit forms for the matrices 
see [IO]). For the purposes of analysing the basic tuning 
behaviour of our DS-DER laser, a static, near threshold 
model is sufficient even though this ncglects effects such as 
longitudinal spatial hole burning which may become impor- 
tant at higher currents. In this casc, a single matrix can be 
used to describe each part of the laser which is homoge- 
neous in terms of its material parameters or injected 
current. This leads to a very efficient description of t h e  
device and rapid simulation times. 

As inputs into the modcl we must provide infomiation 
on the inaterial gain as a function of wavelength and 
injected current, and also the refractive index and loss of 
the tuning sections as a function of injected current and 
wavelength. In all of these, we have taken the view that the 
best approach is an empirical one, so the functional forms 
for these parameters have been obtained by fitting to 
experiinental data and applying interpolation where neces- 
s a r y  Figs. 4-6 show typical curves for gain, loss and 
refractive index shift as well as the experimental data 
points to which they were fitted, as used in the model. 
The data for the material gain were obtained from Hakki- 
Paoli measurements [ 1 I ]  taken on Fahry-Perot devices 
fabricated from the same material as the gain sections of 
our DS-DBR lasers. The measured gain curves have been 
fitted to a parameterised, parabolic form with a logarithmic 
dependence of the peak gain on injected current density 

Fig. 3 flfogram showing rhe.forwa,u's and hachwidy prqpagai- 
iiig waves at either end ofa laser .strucftire 
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Fig. 4 Measured mureridgain dotrr ond rhe.fitted cuwes used in 
the transfer ma1ri.r model 

(see for example [12]). Fig. 5 shows the excess loss (the 
additional loss caused by the injected tuning current) 
within the tuning sections. The background loss (not 
shown in the Figure) is small and measurements havc 
shown it to be of the order of a few per centimetre. In 
the modelling work we have assumed a value of 5 cm-l. 
Waveguide loss can be measured in a variety of ways but 
one simple method is to use specially designed test 
structures which allow one to measure the transmission 
of generated light through two different passive wave- 
guides, one of length L and another of length 2L. By 
comparing the transmitted powers, the waveguide loss can 
be deduced. 

'Other physical parameters used in the model are given in 
Table 1. 

Once we have found the complete transfer matrix for the 
laser then we can go on to find the threshold condition. At 
threshold, the out-going fields (F(L) and R(0))  will be finite 
whilst the in-coming fields (F(0) and R(L))  remain zero. If 
Tij are the transfer matrix elements for the complete 
structure then 

F(0)  = R(L) = 0 

F(L)  = T i A O )  
0 = T,,R(O) 

(1 )  

Hence 

T,, = 0 (2) 

In order to find the threshold point of the laser we must 
therefore search over the dependent variables of the trans- 
fer matrix (wavelength and injected gain current in our 
case) to find the points where T,, = O .  This set will 
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Fig. 5 Measured data for the chonge of loss in the tuning 
secrions with injected cro.renr ond the Jirted cuwe used in rhe 
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correspond to all the possible modes of the laser, and the 
one with the lowest gain current will be the actual lasing 
mode. In practice, this search is non-trivial because of the 
potentially widc wavelength range the laser can tune over, 
coupled with the high accuracy required to locate the cusp- 
like minima of T22. We overcome this by applying what we 
know about the intended device behaviour to narrow the 
search before we start. Since it is intended that the tuning 
of the laser is controlled by the reflection peaks, then we 
can begin by scanning coarsely over the full wavelength 
tuning range to find places where the product of the 
reflectivities of the front and rear reflectors is large. 
These reflection peaks will be fairly narrow but still 
contain several longitudinal modes. We can, though, esti- 
mate the longitudinal mode spacing from the device 
geometry and divide the reflection peak up into enough 
subsections that we can be sure that each subsection 
contains at most only one longitudinal mode. A local 
minimisation algorithm applied to each section in turn 
can then efficiently locate each mode. 

Table 1: Key physical parameters used in modelling our 
DS-DER structure 

Parameter Value 

Gain section length lpml 
Phase section length lpml 
Total front grating structure length lpml 
Rear grating comb spacing lnml 
Drive current for power calculation ImAI 
Laser heat s i n k  temperature PCI 
Laser ridge width lliml 
Laser thickness lpml 
Thermal conductivity IW K-' pm-ll 
Threshold current To at 

Threshold current To at 

Leakage current proportionality constant, 
Leakage current To IKI 
Junction series resistance for 

Junction Fermi voltage (VI 
Internal efficiency 
Optical confinement (gamma1 
a linear recombination term Is-') 
b bimolecular recombination term lcm3 s-'I 
c Auger recombination term (cm6s-') 
J, Transparency current density (A c!v21 
go gain model parameter 1pm-l) 

room temperature IKI 

temperature > 41°C IKI  

600 pm gain section (Cl) 

600.0 
150.0 
225.0 
6.8 
300.0 
25.0 
2.0 
100 
6.80 Y 1 O r 5  
64.0 

47.0 

i . 6 0 ~ 1 0 - ~  
64.0 
8.0 

0.8 
0.85 
0.02 
1.OOX10~ 

27.5 
0.28 



By varying the currcnts applied to the separate tuning 
sections and repeating the procedure described above we 
can map out the lasing wavelength and threshold current 
over the full t,uning range of the laser. In addition, models 
can be used to estimate the output power and static side- 
mode suppression ratio (SMSR). A method taking into 
account leakage current and thermal effects, such as due to 
Makino et al. [13], can give a good estimate of the output 
power even for currents well above the calculated threshold 
point. Note, however, that in our implementation we apply 
the Makino power estimation method to the lowest thresh- 
old longitudinal mode only and so we ignore the effect of 
mode jumps as the gain current is increased. Once the 
power in the cavity is known, the SMSR can he estimated 
from the difference in modal gain of the lasing mode and 
the mode with the next lowest threshold current by using 
the well known Fahry-Perot result [I41 
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where P is the average power in the cavity, A(rgrh)  is the 
difference in threshold gain of the two competing modes, L 
is the cavity length, y,,, is the round trip loss seen by the 
main mode, nAp is the inversion factor and hr is the photon 
energy. 

4 Experimental realisation and comparison 

Fig. 7 shows a photograph of the top view of a DS-DBR 
chip. The cluster of eight contacts at the front of the device 
(right side of the Figure) are clearly visible as are the much 
larger contacts for the gain, phase and rear grating. Details 
of the device structure and fabrication are given at greater 
length elsewhere, albeit for a prototype device with a 
simpler front grating structure and hence a more limited 
tuning range [ 5 ] .  The results presented here 3re for a device 
packaged in a standard 26-pin butterfly module. 

In Fig. 8 we show the measured output spectrum of the 
device when one particular.lasing mode has been selected. 
The device shows excellent single-mode behaviour with a 
SMSR in excess of 50 d 5  and a high output power of about 
9 dBm in fibre. Fig. 9 shows the comparison between the 
measured tuning behaviour of the device and the tuning 
predicted by our transfer matrix model. The phase grating 
at the rear of the device was designed to consist of a comb 
of seven sharp reflection peaks, with a peak spacing of 
6.8 nm. The wavelength centring of the comb was chosen 
such that the wavelength of each peak matched the Bragg 
wavelength of one of the gratings at the front. Each of the 
seven curves on the plot corresponds to the lasing wave- 
length being determined by one of the seven peaks in the 
rear reflector comb. Both total tuning range and the 
efficiency of tuning with injected current match well to 
the modelled result. 

Fig. 7 
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Top view of n DS-DBR chip 
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Measured output spectrum from U DS-DER module Fig. 8 
Note the high side-mode suppression ratio 

In Fig. 10 we show plots of the simulation results for the 
wavelength, output power, threshold current and SMSR for 
an ideal DS-DBR device as it is tuned. In each plot the 
horizontal axis labels the front contact into which current is 
injected while the vertical axis labels the current injected 
into the rear grating. The tuning separates into vertical 
hands or super-modes, each super-mode corresponding to 
the selection of one tuning sub-band by the front grating. 
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The horizontal stripes within each super-mode correspond 
to the longitudinal modes of the laser cavity. The current 
range applied to the rear grating in the simulation was 
0-90 mA, which was sufficient to give overlap between 
adjacent super-modes. For the choice of currents injected 
into the front gratings, it was observed that best results were 
achieved by driving the gratings in pairs and adjusting the 
current in order to track the front reflector together with 
the rear comb. This helped to improve the overlap between 
the front and rear reflection peaks as the rear was tuned. 
Using the rear current as a single control parameter in this 
way maintained a simple control algorithm. Although our 
model is somewhat idealised, the agreement with the 
experiment is good. The modelling shows quasi-continuous 
tuning over 50nm (Fig. loa) and the side-mode suppres- 
sion ratios of SO dB or more are realistic (Fig. 104. The L(0 
characteristics of the model are scaled by calibration, which 
in this case is a little optimistic, but nevertheless show the 
correct qualitative behaviour for output power (Fig. lob)  
and threshold current (Fig. 1Oc) for a device of this style. 

5 Conclusions 

In this paper we have presented the modelling of a novel 
wideband tuneable laser design. We have employed an 
efficient, transfer matrix method to predict the behaviour 
of the device, including tuning behaviour and threshold 
current. In addition simple, phenomenological models can 
be used to extract the output power and static side-mode 
suppression ratio. This approach is fast enough to allow a 
wide exploration of the potential design space within a 
IEE Proc.-Optorl~=Ici,r,n.. 1'01. /SO, No. 2, Ap-ii  2UUJ 

structured simulation environment and is an appropriate 
tool for design optimisation. The DS-DBR device has been 
fabricated and tested and demonstrated an impressive 
tuning range of 50nm, as well as output powers of 
8-9 dBm in fibre and good single-mode behaviour with a 
SMSR of better than 50dB on 80 WDM channels with 
SO GHz spacing. 
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