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ABSTRACT. In an optical transceiver, the power consumption relatetthé operation of the laser
device takes a significant parcel of the total consumed powhus, in optical networks where
a large number of transceiver devices are interconnectgd)agge distributed sensor networks,
it is of great importance to reduce this power consumptianthls work an analysis and simu-
lation results are presented regarding the operation chsfibée vertical-cavity surface-emitting
laser (VCSEL) device, which is based on a previously dewalamodel. The impact on bit-error
rate (BER) of the increased turn-on jitter due to the bitgratand spontaneous emission is con-
sidered. A method for mitigating the eye-diagram distorgp@nalty based on the received signal
equalization is also illustrated.
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1 Introduction

Large distributed optical networks are becoming a realdyanly for connecting homes but also
for applications were a large number of sensors distribtiteligh a large area require high speed
digital data. These scenarios are typical in the intercotior® of instrumentation found in particle
physics experiments but also in critical avionic sensorauotdator data transmission systems. Low
power consumption and low weight are determinant for théopmrance and practical deployment
of these networks.

By operating the laser device with no bias-current (O curagrthe logic “0” stage) a signif-
icant power saving in the order of 25 to 50% can be made cordparthe optimum bias current
operation mode. Nevertheless, a penalty in the eye diaghameswill occur and, consequently,
in the BER. This is due to the turn-on delay increased jitd¥o(it 50 picoseconds in the obtained
simulation results), which is dependent on bit-patterea#f and spontaneous emission.

Since the laser will only output optical power during theitoll” stage, no clutter noise due
to the residual optical output power at the logic “0” stagdl & present in the network, which
may allow a simplification at the passive optical networkereer architecture or bus like medium
access. Moreover, the zero-bias modulation format elitagthe need for optical monitoring and
feedback control of the bias point. Operating a laser deiebias-free mode can save power,
lower transmitter complexity, mass and increase systeiatbikdy [ 1].

2 Largesignal operation of a semiconductor laser

At a bias current lower than the threshold current, spomasmiemission dominates and leads to
significant turn-on delay, turn-on jitter and bit patterrpeedent distortion effects. Simulation
of the device operation in these conditions is determinadtanly possible through large signal
analysis. By using a complete laser modg| fhe bias-free operation of a VCSEL device below
threshold can be simulated and the BER penalty estimateacdte trade off between bellow and
above threshold current biasing can be evaluaied][ The data transmission speed limit can also
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Figure 1. Power consumption in the laser device &gure 2. Turn on delay time as a function of the
a function of they¢ ¢ /Iinfor severalon/lih. lot/ltnfor severalon/lih.

be determined and its operation optimized by changindqthéln andlon/lin ratios. For the work
presented here we will define the bias curréptd) as the laser current at the lower optical power
level, lnias = lo . Considering this, the modulating pulse currdg) (ill have an amplitude given
by the difference between the off curreigz¢, logic level 0) and the on currenkyf, logic level

1): Im=lon—loff. IN @ common casdg;¢ is set above the lasing threshold currgpt while for

the case we wish to discuss heligy is set below the threshold current or even to zero. While not
transmitting, the current through the laser remairig@at This also means that i+ is below the
threshold current, the laser will not output any opticahsigand its power consumption will be at
its lowest. The electrical power consumptid®)(of the laser device can be calculated considering
the modulation and constant components of the current gihrtie laser device given its internal
impedanceZp) and its threshold voltag®/) : Pe = %Im(Vo + 1mZo) + lpias(Vo + lpiasZ0) -

Figure 1 shows the laser device power consumption in the laser devicmalized by the
power consumption with a bias current of zeRy ) as a function of théyt+/lin current ratio for
severallg, currents when a forward voltage of 1.5V and an internal n@g@ledance of 10@ are
considered. As it can be seen, the power consumption due toftlturrent increases faster than
with the on current, suggesting that reducing the off curcan lead to an advantageous power con-
sumption decrease (a reduction of more than a half). Thdemrobf reducing the off current below
threshold is that the level of the initial carrier densi)(is below the threshold carrier density nec-
essary for lasing to occulN{,). So, by injecting ar,, the carrier density level will have to first rise
from the previous level of carrier density to the threshaddrier density level, which inevitably
delays the lasing phenomenon. If we first consider the caszanthe carrier density is null, the
turn on delay will be proportional to the laser charactarisarrier lifetime (,) as given by 5—7]:

o = rnln (lon— Ioff)
lon — lth
Figure 2 shows a graphic depicting the laser turn on delay time as etiémof Iyt /I, for
severallg, currents. Note how this turn on delay tends to zero asgtheeached;,, meaning that
there is no time needed to build up carrier density. In thig tha laser off current is set to be above
the laser threshold current as is in common applicationse Blgo that the delay is lower for higher
lon currents, as in this case the carrier density being injeictiedthe device so that the threshold

carrier density is reached more rapidly. However, the issumt these delay times, but the jitter
caused by the random accumulation of carrier due to thedast Istates or bit pattern. There are
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Figure 3. Turn on delay probability distribution function for seaél,, andlys ¢ to Iy, ratios.

two extreme cases: the first one is with a long string of Osreedwitching to 1; the second is with
a long string of 1s followed by a single 0 bit before switchbagk to 1.

In the first case, during the long strings of Os, carriers fzalomg time to decay to a low value
before switching to 1, so the time needed for the carrieritdettsreach the threshold value is large,
resulting in a long turn-on delay time. Regarding the secmas®, since the carriers have only one
0 bit length of time to decay before switching to 1, the cardensity right before the turn-on
occurs is higher. Therefore it takes less time for the cadémsity to reach the threshold value,
and thus the turn-on delay is shorter, resulting in a vanatf the turn-on delay time dependent
on the bit pattern of the driving current. Considering ttet photon density in the laser cavity is
approximately zero at a current below threshold, the cadémsity can be obtained for a current
pulse of amplitude, by [4] (q is the electron charge):

_ I_m *t/Ts .~ I_m A
N =T [1—e }+N.th N (2.2)

As previously explained, the value Nfdepends on the number of “0s” that preceded the “1”
bit and its value decays exponentially with a time constawvdrgby the carrier life time and the
number of preceding “0” bitdl and is given at = T by N; = Nine NT/™ [4]. Solving equationZ.2)
for N(ton) = Nin, we get the turn on delay time dependence with the number exfeging “0”
bits [4] ton = Tp (1— e NT™).

Considering that the modulation pulses follow a random &itgwn the statistic of N are of a
geometric distributiorp(N) = y(2=N), y = In(2), and lettingn = In(2)1,/T, be the ratio of carrier
life time to bit duration, the probability distribution fation oft,, can be given using(N) by [3]:

n—-1
D (ton) = 1 (1— t°—”> 2.3)

L») Li»)

Figure 3 shows the turn on delay probability distribution functiop(t¢,)) for severallgn
and lq¢¢ to Ity ratios b—7]. When the carrier lifetime is long compared to the bit pari@ =
1/4.8Gbits/s, for the examples given here), it has a large infleem the carrier density relaxation
between bitsif = 0.1) and the corresponding time to reach threshold. This tarjitter will cause
a penalty to the digital transmission system that can be unedsn terms of the estimated bit error
rate (BER) as a function of thign/lin andloss currents 7] (figure 4). Since no other penalty
was considered in the link, whdp;s reached;,, the BER tends to zero. As expected the BER
increases withy,/T.
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Figure4. BER estimate foton/lin @s a function ofon/T for loss = 0 andlgtt = lp.

Waveform Diagram (4.8G bits/s)

Figure5. Turn on delay difference due to bit pattern. ‘dashed’: enttinto the laser; ‘solid’: laser optical
output.

3 Simulation results

Using a previously developed model and laser parametesasnelot for VCSEL devices operating
at 850nm and 1310nn2], it is possible to study the behavior of these devices wiparated with

a below threshold off current. FiguBsshows the turn on delay difference due to bit pattern for two
particular extreme cases: “00000010” and “11111101” sece Note how the optical output
(solid curve) representing the first “1” after the zeros oa@ithe end of the current pulse (dashed
curve) while the last “1” occurs in the middle of the currentge: this is due to the build up of
carrier density in the laser due to the previous string 08:'1”

In any practical application a line code is always appliethtobit stream to simultaneously
achieve DC-balance and let enough state changes to all@enalle clock recovenB| 9]. For
example with 8B10B coding, used in Fibre Channel or GigathieEhet, the largest number of “0"s
or “1"s in arow is 5 B]. This means that the maximum turn on delay will be limited aelated
to the maximum of allowed “0s” in a row. By keeping this numii@w, the turn on delay and
consequently jitter is also kept low.

Figure6 illustrates the results of the simulation of an 850nm andob®i VCSEL with and
without bias current at 4.8Gbit/s and the same on currentseuigorandom (PRBS) bit sequence
of 2’-1 word length is used with a non-return-to-zero (NRZ) matioh. The effects of pattern
dependent jitter are visible in figu® Nevertheless this jitter is lower than 40ps for the 850nm
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Figure6. Simulation of the operation of a 850nm (top) and 1310nmt¢imof VCSEL with (left) and without
(right) bias current at 4.8Gbits/s.
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Figure 7. Eye diagram equalization results for the 1310nm VCSEL aeuit 4.8Gbit/s: (a) with and (b)
without equalization filter.

device and 50ps for the 1310nm device. Although the eye a@ilads distorted, data transmission
could be achieved with a bit error rate below 1®and 10°°, respectively (see figu).

4 Equalization

By taking into account the bit pattern dependence of th@dist induced by the zero-bias opera-
tion, one could expect that a finite impulse response filteingacoefficients spanning several bit



periods would mitigate these effects. In fact, we have failnndugh simulations that it is possible
to obtain a filter that minimizes the signal standard desiatit the sampling time.

This filter needs to span several bit periods in order to makelservable impact, in this
case, 18 bit periods were used. The impulse response isedtaiith an adaptive algorithm, the
Least Mean Squares (LMS), with a step size of 5%.@Gind a training sequence of 20 bits. From
figure 7, it can be seen that, although the timing jitter has remainetie 50ps range, there is
clearly an opening of the eye as well as negligible ampliwidéortion. Note also that the Q factor
has improved from 15.84dB to 35.47dB at the sample time.

5 Conclusion

Operating a VCSEL device with an off current below threshodah lead to high power savings.
Although there is a considerable penalty in the eye diagtaamsmission of data is still possi-
ble at low bit error rates. Decreasing thg¢lto I, ratio causes an increase of the turn on jitter
and, consequently, an increase of the bit error rate. Attgolgwer the device threshold current, the
lower the jitter. High drive currents help to control thegitlevels but at a lower extent. The jitter is
highly dependent on the bit pattern, and especially in thebar of trailing zeros, suggesting that a
suitable coding scheme for the bit stream could optimizeg#réormance of a zero-biased VCSEL
transceiver system. Equalization of the received sigralddo an improvement in the link perfor-
mance, mitigating the impact of bias free operation. Redpthe large turn-on delay and the re-
sultant eye degeneration is crucial for efficient bias-fraasmission of high data rates. Ultimately,
turn-on jitter sets a limit on the achievable bit rates torbegmitted under bias-free conditions.
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