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Operation Range of VCSEL-Interconnect Links with
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Abstract—Biasing lasers below threshold in interconnect links photon number $
yields a lower effort for the monitoring circuitry, but it leads
to a significant turn-on jitter due to the bit-pattern effects and
spontaneous emission. An analytical expression describing the

probability density function (pdf) of the total turn-on delay for f\ ﬁ A

y
stochastic deterministic

a single-mode vertical-cavity surface-emitting laser (VCSEL) Son
biased below threshold is derived, which accounts for both bit-

pattern effects and spontaneous emission. In a high speed digital

transmission system both timing jitter as well as the signal-to-noise

ratio (SNR) limit the system-performance, which can be measured <S> basapsind
by the resulting bit-error rate (BER). The measured BER is e e
compared with the calculated BER vyielding good agreement. 0 L. 4 t

Therefore, following the quite general guideline as presented here,

the operation range for “below-threshold”-biased VCSEL-inter- Fig. 1. lllustration of the turn-on event from below threshold. Fluctuation of
connect links can be determined. the photon number due to the spontaneous emission leads to turn-on jitter.

Index Terms—Below-threshold-biasing, bit-error rate (BER),
bit-pattern effects, probability density function (pdf), spontaneous [1]-[3], but they take only the turn-on jitter due to the bit-pat-
emission, turn-on jitter, zero-bias. tern effects into account. Bit-pattern effects and spontaneous
emission are dealt with in [4] for edge-emitting lasers, which
|. INTRODUCTION show some differences compared to VCSEL's. As shown in

OR APPLICATIONS such as optical interconnects ve|[-5]' [6], VCSEL's S.hOW always wo pQIarlzatlon _sta’ges during

. . - ) the turn-on event in contrast to the single polarization state of

tical-cavity surface-emitting lasers (VCSEL'S) are proven - . . .
dge-emitting lasers. In this paper, an analytical expression

e ene b {ESrin he BER o  ingle-mode VCSEL wil b cerved
P Y P 9 which accounts for both the bit-pattern effects and spontaneous

order to simplify the driving circuits as well as to reduce the .~ . ; : .
emission under consideration of two polarization states.

electrical power consumption. On the other hand, biasing a Iase‘n order to verify the derived equation, some BER-measure-

below threshold results in a significant turn-on jitter due to the . :
. e . ments have been carried out for a nearly single-mode, selec-
bit-pattern effects and spontaneous emission. Dependingonthe . . . )
. . .tiye-oxidized VCSEL with a data rate of 1 Gb/s. Assuming that
applied data sequence, the turn-on delay varies substantig|

due to the bit-pattern effects. Additionally, because of the spo%?—g derived equation is valid for all the considered current steps,

taneous emission, a further turn-on jitter should be addedtpdS approach for estimating the BER allows to determine the

the timing jitter caused by the bit-pattern effects. The timinbeqUIred operating range for a given BER.

jitter can be considerably reduced by biasing the laser above
threshold, but it leads to the requirement of a monitor bias cir- [I. PDF OF THE TURN-ON DELAY

cuit and the costs raise. Raising costs should be also con5|d|—]c the laser is driven by a step-current-pulse, the onset of op-

. ) A rs. The turn-on event as sketched in Fig. 1 can be splitinto a
of the required operation range for a certain bit-error rate (BE : o . )
is necessary stochastic and a deterministic regime.tAt 0 the laser drive
e . _ . current is switched fronf,g below the threshold currert;,
Analytical expressions describing the estimated BER fél(m above the threshold. In the stochastic region<( t.),

zero-bias operation have been derived in several pubhcath 8 carrier density. in the active layer of the VCSEL increases

rapidly and reaches the threshold carrier densjiyatt = ¢...
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lfh°t°“ number $ opening limit the reachable BER. The vertical eye-opening is
mainly limited by the receiver noise whereas the timing jitter
0101 /% affects the horizontal eye-opening. Assuming that the received
s y signal has the simple form
"r Uo
/ u(t):7~[1+cos(7r~B~t)] (5)
. with the signal amplitude
0 t,t,t. t
P %0 = Mink * Fioad * (Lon — Itn) (6)

Fig. 2. lllustration of bit-pattern effects on the turn-on jitter. Various . o

bit-patterns “1010,” “1001,” and “0001” lead to different turn-on delays, wherebyn;,. andR).,q denote the total link efficiency and the

tez, andt.s. receiver load, and that the decision lewg} equalsug/2, the
sample timet, equalsl/2B, and that there is only Gaussian

affects the time,. considerably, which suffers from the bit-patthermal receiver noise with equal variang of the “1-bits
tern effects. The pdf of. is given by [1]-[3] and “0"-hits, the BER can be expressed by [4]

In 2-B-7.—1
Te te © 1 Up /B
(te)=In2-B-—-[1—-— 1 BER = = |erfc| ——
Pe(te) to < to) W) 4[ <0'\/§>+/0

whereB andr, denote the bit rate and the carrier lifetime. The up - cos(m- B -t4)
time ¢, corresponds to the delay time below threshold for low ) {ptot (ta) - erfc< o2 )} - dta
bit rate Br. <« 1) and is defined as )
_ Ion - Ioff Ion - Ith ) ) )
to="7e- In <ﬁ) R Te T I (2)  where erfc is the complementary error function. Inserting (1),
on T Atk on T ell (3), and (4) into (7), we obtain the simple expression
As shown in Fig. 1, at the crossing timethe photon number )
S, is very small and fluctuates strongly due to the dominance @fgR — 1 |:erfc< “n ) +In2-B-2¢.4.42. Son
spontaneous emission. This fluctuation leads to a further jitter o-V?2 to "o{Se)?
of the additional turn-on delay,,,. An analytical expression for /B  rto t\ B EBTe—l
the pdf oft,, which accounts for both polarization states has ’ /0 /0 <1 - %)
been derived in [7] and is given by
expl—w2(ta — t.)?]
52 2 _ 2
Pon(ton) =4 - “JE ; <S:];2 “ton - €xp—(wy - ton)2] - exp [—2% - exp <_M>:|
Son (UJT " tOH)Q . . .
-2 o) @ (=) -erto 122 B 1)) } dt. dt.

(8)

where(S.) denotes the average photon numbet at ¢. and

corresponds to the “absorbing barrier” in [4]. Once we have de-
termined the value ofS.), the pdf according to (3) depends Equation (8) allows to estimate the BER of a given digital

only on the relaxation resonance frequerfgyand the photon optical transmission system by a certain bit rate as well as to
numbersS,,, at the on-state. Sincg (Son)l/Qy the relaxation predict the margin of the reachable bit rate. In addition to the
resonance frequency can be considered as the main paramegtafrier lifetime. which can be determined by for low bit
Equation (3) together with (1) allows to determine the totdfte, the only necessary parameters are the relaxation resonance
turn-on jitter accounting for both bit-pattern effects and spontétequencyy,., the photon numbef,,, atthe on-state, the average
neous emission. Since there is no correlation between these pl@ton numbetS..) at the crossing time., the amplitude2u
processes, the pgf,. of the total turn-on delay, results from of the received signal and the average standard deviatioh

the convolution of the individual pdf’s yielding [4] the receiver noise. Singg is proportional to the square-root of
the optical powerF,, at the on-statef,. can be directly cal-

tg ..
culated by the injected curredt,, and the threshold current
ot{la) = elle) * Ponlta — te) - dtc 4 . o . .

Proi(fa) /0 Pe(te) * Pon(ta ) “) 1,;, after we have determined the proportionality constant

Wheren. — 0 for i, < ¢ f£./PX?* and measured the light-current-slog®/dI of the
Pon = d e VCSEL. Additionally, if the photon lifetime,;, can be deter-
mined from the proportionality consta@t, the photon number

lll. BER-ESTIMATION Son at the on-state is then simply given I8, = (Ion —

The main criterion in evaluating the performance of a digitdl,, )7, /e, wherebye denotes the electron charge. Similar to
transmission system is the resulting BER. Considering the eyé}, the average photon numbés$.) can be estimated by fit-
diagram of the received signal, both vertical and horizontal eyiag the turn-on jitters measured and calculated according to (3).
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TABLE | B - B
VCSEL-PARAMETERS AND THEIR VALUES 30 j . 30
FOR BER-ESTIMATION o s : s (ﬂ\
b r% b |
Parameter Symbol Value P i o I
s i ‘ i L d i sl bl ihal [ 4 \»I P A
866 867 868 869 870 871 866 867 868 869 870 871
Threshold Current I 0.9 mA A Wavelength in nm B wavelength [ nm ]
Light-Current Slope dpP/dl 0.67 W/A -20 20
-30 4 k.
Proportionality Constant C=f/P,"? | 1.13*10" HyW" o ! }/l‘ o ,j H
3 Wil 8 imitl
Carrier Lifetime (A 1.01 ns i J
-50- o 50.
I N“\f nHi Ll L sl Ll i“” .1‘ \M:i‘lm d
. . 866 867 868 869 870 871 866 867 868 869 870 871
Photon Lifetime Toh 34ps C wavelength [ nm ) D wavelength [ nm ]
Average Photon Number at ¢ = £, <Se> 180 Fig. 4. Emission spectra of the investigated VCSEL by varying the current
step describing by the relaxation resonance frequgicya) 2 GHz, (b) 2.78
Total Link Efficiency Think 17 GHz, (c) 3.33 GHz, and (d) 3.7 GHz.
Receiver Load Rioad 50Q . .
with the calculated curve according to (3).) was found
Standard Deviation of Receiver Noise o 24mV as 180. A mismatch between theory and measurement occurs
for f. > 3 GHz, which can be attributed to the existence of
higher transversal modes for highégr. Considering Fig. 4,
; where several emission spectra corresponding to the relaxation
%5 resonance frequengy. are depicted, it can be seen, that higher
50 ®  Measurement transversal modes occur fgr. > 3 GHz. Results from com-
87 e Simulation puter simulation (circles in Fig. 3), which was developed for
] ° . _ . . . . . .
40 eq. (3) with <Sc>=180 single-mode VCSEL with 2 transient polarization states, verify
8 %] the validity of (3) for single-mode VCSEL. In this simulation,
£ ¥ two independent rate equations of the photon number for both
o = polarization states and one rate equation for the corporate
= 207 carrier number have been solved numerically which include the
137 Langevin noise sources [9]. The good agreement between the
10 simulation and the theory emphasize the fact, that the existence
57 . of higher transversal mode leads to a reduction of turn-on jitter
0 y ' due to the enhanced degree of freedom for the VCSEL to reach

0.5 1.0 1?5 I 2?0 ’ 2?5 3?0 375 470 ' 475 5?0 5.5 ) )
Relaxation Resonance Frequency f [GHz] the gtanonary value at the_ on-state. If we qeglect the s.pat|al

filtering effects of a multimode transmission, calculations
Fig. 3. Tum-on jitter caused by spontaneous emission versus relaxat@@cording to (3) can be considered as worst-case estimations.
resonance frequenc.. The optical power of the applied VCSEL is directly coupled

into a multimode fiber which is connected with a pin-diode cas-

Finally, for a given transmission system with a certain link efficdded with a 32 dB gain amplifier. The receiver loadis.a =

ciencyii, receiver load?i..q and receiver noise, the resulting®? ¢ the total link efficiencynin is determined as 17 and the
BER can be predicted according to (8). standard deviatiom of receiver noise is 2.4 mV. The VCSEL

is modulated by a pseudo-rand@® — 1 NRZ-signal with a
bit rate of 1 Gb/s and variable signal amplitudes under different
IV. MEASUREMENT AND THEORETICAL RESULTS bias conditions. In Fig. 5, the measured (dots) and the calculated
The investigated laser is a selective-oxidized and neaBfER (lines) according to (8) are compared to each other versus
single-mode GaAs-VCSEL [8], which has an aperture diametde injected current stefy,,/I;1,. Clearly, for BER up tal0—°
of 4 pm and an emission wavelength near 870 nm. The requirtiee measurement results are in good agreement with the theory.
VCSEL-parameters and their values for estimating the BER areAs shown in Fig. 5, for zero-bias transmission with a bit rate
listed in Table I. For determining the average photon numbef 1 Gb/s a BER< 10~? is reachable fol,,, /11, > 3.2 which
(S.) at the crossing time., some jitter-measurements werds similar to the results reported in [10]. For the same system
carried out by 300 Mb/s using a 1010 fixed periodic patterperformance itis well known that increasing the bias current re-
Since the use of a fixed periodic pattern of alternating 1's asdlts in a decrease of turn-on delay yielding a reduction of the
0's eliminates the bit-pattern effects, the resulting turn-on jitteequired Z,,,, /I, which is only 2.4 by biasing the laser with
describes only the fluctuation due to the spontaneous emisg /i1, = 0.55. If some bias current can be tolerated, Fig. 6
sion. The measured turn-on jitter (square) versus relaxatisinows the operating range for reaching BER0~? with a bit
resonance frequency is depicted in Fig. 3. By fitting the datate of 1 Gb/s. While the measured BER (square) matches well
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e I T 1Gbis
1k loff ol 4 1.25 Gbrs
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Fig. 5. Measured and calculated BER versus applied current step for 1 Gbig: 8. Operating range of zero-bias transmission for BER10~° with
data transmission with PRB23 NRZ-modulation. various bit rates.

o spont, emission + bitpattern effects mi_ned. As shown in Fig. 7 for zero-bias transmission, the re-
______ only bit-pattern effects quired current step for BER 10~ grows tol,,, /Iy, > 7.5 for
a5l »  Measurement abitrate of 2 Gb/s and evenlg, /I, > 10for 2.5 Gb/s. While
for 1 Gh/s, the electrical power consumption with /fi;, > 3.2
can be tolerated, the required current step for 2- or 2.5-Gb/s
bias-free transmission may be unacceptably large. If some bias
current can be tolerated, the resulting timing jitter will be re-
duced considerably yielding a decrease of the required elec-
trical power consumption. Fig. 8 shows the operating range for
BER < 10~? for various bit rates up to 2.5 Gb/s. While for

I 2-Gb/s zero-biased transmission a current stdp,fli;, > 7.5
10 . . . L . is required, the necessafy, / I}, is only 5 if the VCSEL is pre-
00 02 04 06 08 10 biased withl g /I;;, = 0.6. According to this, an optimal oper-

loff / th ating point can be easily found.

lon/ Ith

Fi

g. 6. Operating range of 1 Gb/s transmission for BER0~°.
V. CONCLUSION

In this paper, we have investigated the influence of the turn-on
jitter on the system performance. For estimating these effects,
both bit-pattern effects as well as spontaneous emission should
be taken into account. Based on the fact that VCSEL's always
show 2 polarization states during the turn-on event, an analytical
expression describing the BER-estimation for a single-mode
VCSEL has been derived here. If the spatial filtering effects are
neglected, this analytical expression can also be applied to mul-
timode VCSEL's for a worst-case estimation. For the investi-
gated selective-oxidized VCSEL, we have found a good agree-

e B e ment between the measured and theoretical BER with a bit rate
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 of 1 Gb/s, where BER< 10~? is reachable fol,,/I;;, > 3.2
fon /1th in a zero-biased transmission system.
Fig. 7. Calculated BER versus,, /I, for various bit rates under zero-bias .Assurrlung thg derived analytical expressmh IS glso valid for
condition. higher bit rate, it has been found that increasing bit rate results
in enhanced current steps for the same system performance.

to the results (straight line) calculated according to (8), theorc'a%—e duction of electrical power consumption can be realized by

: ) : AN upplying a bias current. According to the approach as pre-
ical Tesu"s (dash line) accounting for timing J|tt_er _ca_used OnE(ented above, the operation range for “below-threshold’-biased
by bit-pattern effects [1]-[3] seem to be overoptimistic. For e

ample, if only bit-pattern effects are considered, the theore I_CSEL-mterconnect links can be easily found.

cally requiredl,,,,/ I11, for the zero-biased transmission with the
same system performance described above is only 2.1, whereby
the actuall,,,/ [y, > 3.2. The authors would like to thank Ziegler from the Hein-

Assuming that the derived equation is also valid for higheich-Hertz-Institut fir Nachrichtentechnik Berlin, Germany for
data rates, the margin of the realizable bit rate can be deteonding the VCSEL.
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