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Performance Verification of a Variable Bit-Rate
Limiter for On—Off Keying (OOK) Optical Systems

Yong-Gang Wen, Lian-Kuan Chen, Keang-Po Ho, Frank Tong, and Wai-Shan Chan

Abstract—A close-form analytical expression is obtained for the [1], [2]. One design uses a fiber recirculating delay line with
performance study of a bit-rate limiter (BRL). Both bit-error rate 3 |oop delay ofr to limit the nonreturn-to-zero (NRZ) trans-
(BER) and power penalty are derived for different BRL modula- = igsjon rate to slightly belovt /7 b/s. The insertion loss of

tion signals and modulation formats using a random signal model. _, . . .
We also present ways to improve the BRL performance and to elim- this type of device can be less than 1 dB and can be installed

inate the BRL-induced crosstalk, by using an optimal BRL mod- at any point along the fiber link. The other design, based on a
ulation index and a specific BRL modulation signal, respectively. special dual-mode fiber, makes use of the two equally propa-
The analytical expression is found to match well with the experi- gating modes but with noticeably different group velocities. In
mental measurements. either design, the incident optical field amplitudes are added to
Index Terms—Bit-rate limiter (BRL), crosstalk suppression, thatinthe delay replicas, generating dispersion-like interference
on-off keying (OOK) optical fiber link, optical transmission  that limits the transmission data rate. However, the optical wave

system, Mach-Zehnder (MZ) modulator, power penalty. also beats with its replicas and produces interferometric noise
at the receiver. As such, laser phase noise is converted to rela-
|. INTRODUCTION tive intensity noise (RIN), resulting in error-rate floor that can

. _ . __be very substantial, even when system is operating at bit rates
ITH the _mh_erent enormous _bandmdth_ in the flber\’/veII below the device cutoff rate df/~ [3]. Moreover, neither
communication based on optical fibers is an excelle

Uheme offers a variable bit-rate capability, which restricts their

candidate to accommodate the exponential growth in dq}g : ; T
X X e in practical systems that may need to change its limiting data
traffic engendered by the Internet. With the recent advanc ’ y y g g

) o X X \dVantetes after installation. In this paper, we provide an analytic and
|nh\_/vivil]engbth-g|v!(st(;]n?mltJrl1tlpleX;pg I(\]f.\IIDDM) tecgnologﬁ_s, n xperimental performance verification of a previously proposed
Wt Ic N ﬁn WII tlhn € optical T Ier can be 'za(; |f|one RL [10]. The principle of operation is based on self-generated
Into many channeis, the economic values generated trom %sing interference from modulation. Using only an external
optical link and network are tremendous. To the owners

the fiber link d the fut ll-optical t ¢ network odulator, the BRL is nonintrusive in nature and is wavelength
the fiber links and the future afl-optical transparent NeWOrkg, ;o sitive. Such device can impose efficient limits on user’s
it becomes essential to devise a means to ensure the certi Efd

il ot t it digital data at te higher than that rate, and eliminate the bit-error rate (BER) floor exhibited
users witl not transmit digital data at a rate higher than tha iﬁﬁhe previous designs. The BRL can also support variable lim-
g

allowed by their subscription fees. Such means can be realizrﬁ data rates
as a device, i.e., bit-rate limiter (BRL), and can impose a limit This paper is organized as follows. In Section 11, a brief de-

on the transmission data rates. To inflict less restriction on tQS iption of the operating principle of the BRL is presented. The
custome.r, the_ BRL is preferably Wavelength independent, ah8tailed analysis of the BRL, including BER performance and
must neither interfere nor tap the transmitting data to ens

. %Swer penalty, is given in Section Ill. The analytical result of the
data privacy. . . ower penalty provides insight for system bandwidth manage-
Conceptually,.BR_L can be |mplemented by two different e?'CEHent. We further define two performance metrics to characterize
proaches. The first is to use an optical narrow band-pass f"{ﬁ% BRL. In Section IV, the analytical results are compared with
(BPF) that cuts off the out-of-band data spectrum. However,ér)w( erimental results and found to be consistent. Section V dis-

general, optical BPF is wavelength-dependent and has a f ses some factors that affect the performance of our scheme.

or tunable central ngele_ngth. Furthermore, the pas:sband ba,g rther enhancements of the BRL scheme are presented and the
width cannot be varied in accordance to the users’ request

. . Dwer penalty curves of these enhanced schemes are shown.
different data rates. The second approach is to generate ar@@(’:tion VI concludes this paper

terference signal to jam out-of-band data spectrum. In this ap-

proach, two types of all-fiber BRL were proposed previously
[l. PRINCIPLE OF THEBIT-RATE LIMITER
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IIl. ANALYSIS OF THE BIT-RATE LIMITER
A. BER Analysis
After the photodetector in the receiver, the received current is

7(t) = REso(t)g(t) + n(t) + nsn(t) + nrin(t) (1)

where R is the responsivity of the photodetectd, is the at-
tenuation factorp.y(t) is the thermal noisejq,(t) is the shot
noise,nrn (%) is the relative intensity noise (RIN3o(¢) is the
original signal, andy(t) is the modulation function of the op-
tical modulator.

According to the bias voltage of the MZ modulator, two types
of ¢(t) are considered, namely,

a(t) =1 —|—COS<VK7T .7r> (2)
g2(t) =1+ Sin(% -7r> 3)

whereV is the modulation signaly,. is the difference of the
biased voltages to switch the output power from a maximum
point to the adjacent minimum point.

Assume the BRL modulation frequencyds, and the BRL
modulation signal is given by = V;; cos(w;st+®)/2, whered
is the random initial phase, with uniform distribution[ii 27 ).
From Taylor series expansion and the definition of Bessel func-
tion, ¢, (¢, ®) can be expressed as

g1(t,®) =1+ cos [g cos(wst + @)}

=(14ag)+ Z ap cos(2kwst + 2k®)  (4)

Fig. 2. The principle of the BRL scheme. (a) The PSD of the original signal. k=1
(b) The PSD of the BRL modulated signgl, > 2 f,... (c) The PSD of the BRL
modulated signalf, > 2f,,.. where )

ag = 1 Cos[z Cos(wst)} dt = Jy (E)
modulation signal, with a frequencf;,. After the modulator, 2 Jo 2 2
the replicas of the signal power spectrum are generated at higtd
harmonics frequencies,fs;, n = 2,3, .... When f; is much 1 2 -
faster thanf,, at least two times of; [4], the replicas at higher ae = /0 COSB COS(wst)} cos(2kw,t) dt
frequency will not overlap with the baseband waveform and X T
can be eliminated by a low-pass filter (LPF) in the receiver, as =2(=1)"Jz (5)
Sho".V” n F'.g' Z(p). OtherW|s§, the power of Iovyer order ha'éire the series expansion coefficients [11]. In this paper, we con-
monics replica will overlap with the baseband signal spectrufy . only the firstV leading termsu, = 1to N, and neglect
_and_cannot be_eliminated l_Jy the_ LPF in the receiver, as sho o\ higher order terms. ’ ’
In Fig. 2(c). This will result in anincrease in B_ER' even aBER pofore | pF filtering, the autocorrelation function of the re-
floor. When users try to deprive more bandwidth of the Ieas%gived signal is
fiber by increasing their data ratg;,, more interference will
generate, resulting in very high power penalty. In order to get R.(1) = RPK?Ro(7)E[g(t, ®)g(t — 7, D)]
the same BER performance,_ the output power of the trans_mitter + Ry (7) + Ron(7) + Rrin(7) (5)
must be increased substantially. Thus the proposed device can )
prevent the unauthorized usage of extra bandwidth in a lead¥eere£[e] denotes the expectation value,(7), Ra(7) and
fiber. On the other hand, when a user wishes to increase Kisin(7) are the auto-correlation function ofu(t), n.u(t) and
leased data rate, the network manager can cater the reqfi@g (%), respectively. With (4), and considering the cagy =
by simply increasingf, of the user's BRL device. Thus thed:(t), we obtain
BRL facilitates network management for dynamic bandwidth E[g(t, ®)g(t — T, )]
allocation. In the following section, we derive an analytical
expression of the power penalty imposed by the BRL to show

N
1

. . e L =(1+4ag)?+= Z a3 cos(2kw,T). (6)

its effectiveness in bit-rate limiting. 24
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After substituting (6) into (5)R..(7) is given by Without loss of generality, the transmitted data is assumed
oo an equal-probable binary stream. Its auto-correlation function
Ry(1) = RFK"Ro(7)(1 + ao) is [7]
1
+ ZR2K*Ry(t Z a2 cos(2kw,T 5 l
7 A% (1-— <T
2 Ro(r) = r) =T (14)
+ Ry, (1) + R (t ) + RRrin(7). (7) 0, otherwise
According to Wiener-Khintchine theorem [5], the poweWhereA is the amplitude of the bit stream affdis the bit du-
spectral density (PSD) of the received sign@) is ration. The power spectral density of the binary stream is
_ p212 2 oo ) T
Sr(w) =R -][5 SO(w)(l + ao) So(w) — /_ RO(T)G_]L«)T dr = A2 SIHLQ ) (15)
3.5 L R K202 [So(w — 2kws) + So(w + 2kws)] ?
k=1 From (11), (8), and (15), we can calculate the BRL-induced in-
+ Sin(w) + San(w) + Srin(w) terference powenN, (w;).
= S1(w) + Sa(w) + S, (w) ®) The system noise powey,
where N, = / () + Suu() + Srax ()] - | H (@) o

Si(w) = RQKQS 1 2
)= o(w)(1 +a0) is generated from three componentsi,(w) thermal noise,
ZRQKQ [ So(w — 2hws) + Solw + 2k, )] San(w) shot noise, andbrin(w) relative intensity noise. The
respective noise spectral and corresponding noise powers are

S,(w) = Sm( )+ Sun(w) + Srn (W) derived in the Appendix.
Assume the transfer function of LPF H(w) and its 3-dB B. Power Penalty
bandwidth isws 4y = Aw. After filtering An important factor of the proposed device is its effectiveness
Aw in bit-rate limiting. This can be deduced from the power penalty
I = / R2K2(1 4 a0)2So(w)|H(w)[? dw ©) when the user tries to increase its transmission data-rate without
—Aw authorization.

For the back-to-back system without BRL modulation, the
SNR is given by

_ . 2
N = /—Aw[sa(w) + SS(“‘))] |H(w)| dw (10) A: RQKQS(])% B( )|H(w)|2 dw
SNRp-p = = 3 —— ; (16)
where [ is the desired signal power amd is the total noise Tae S8R (w) - [H (W) dw

power. The noise poweY consists of two components, namelyWh ere BB

the system noise powé¥, (w) = Sin(w) + S3P(w) + SR (w) and the su-

perscript and subscripB- B, denote the back to back system.

) While for the system with BRL device, the SNR is
N / Sth + Ssh(w) + SRIN(UJ)] ) |H(UJ)| dw

Aw
SNRan — T R2K?(1 + ao)? S8R (w)|H(w)|? dw
and the BRL-induced interference pows = B9 [SPRI () + SPRL(W)] - [H(w)|? dw
Now) = [ Su(w) @ de (1)) where
—Aw
1
Notice thatXN, is the intentionally generated interference to  SERM(w) = Z ZRQKQai
limit the system data rate and it is a function of the BRL modu-
lation frequencyw; (=2 f,). Subsequently, the signal to noise - [SEE (w = 2kws) + SR (w + 2kw,)]
ratio (SNR) can be expressed as SBRL(L) = Si(w) + SBRL () + SBRL (),
SNR= ;, (12) By equating SNR-g = SNRggr,, we can derive the power
Ny + No(ws) penalty
For OOK modulation data with direct detection, the BER is SBRL(,)
iven by [6 p= "S5
g y [6] S5B(w)

1
1 Q 1 /SNR _ (18)
BER= —erfc| —= ) = —erfc| +/ —— | . 13 (o) —an(an S ey
2 <\/§> 2 < 8 ) ) (14 a0)? — N (ws)=ao (a0 +2) (NG +NRY)

—=
Y th
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In practical digital systems, thermal noise usually is dominagiR| scheme. One is the cutoff data réfethatis defined by the

over shot noise and relative intensity noise. Thus we can neglgsts rate with power penalty 1 dB. The other is the normalized
their effects and obtain a simple expression of power penaltyg'}gpe of 3 dB-to-1 dB point

No(ws) 19 F,
Nin (19) A= fa(3dB) — f,(1dB)’ (20)
Fig. 3 shows the power penalty calculated from (19) with datehe expressiorf, (= dB) denotes the data rate at power penalty
rate f4 = 600 Mb/s and modulation frequendf; ranging from of » dB. Notice thatF;, = f, (1 dB). From Fig. 4,F; =
300 MHz to 600 MHz. The system parameters are the followingpo Mb/s andA = 3.534. A largerA gives a better BRL perfor-
the temperaturd” = 298 K, the amplifier noise figurd’, = mance with steep increase in power penalty when the user data
2.5, the load resistor?;, = 300 €. In Fig. 3,91(f) = 1 + exceeds the cutoff data rate. In next section, we will introduce
cos(mw - V/V,), andV = V, cos(wst + ®)/2. From the figure, method to increasg.
when f; is about 400 MHz, the power penalty is about 1 dB. Moreover, we will consider the BRL performance for the
With the reduction off,, the power penalty rises sharply. Thesther modulation functiog.(t). The bias voltage of the mod-
modulation frequency; = 400 MHz will limits the user’s data ylator can be set at the half-maximum point to realize a BRL
rate below 600 Mb/s, assuming the acceptable power penaltyigdulating functiong,(t) = 1 + sin(V - #/Vy) with V' =
1dB. V. cos(wst+ @) /2. Two power penalty curves are plotted using
In order to show the bit-rate limiting capability for the datq19). Fig. 5 is for a fixed data ratg = 600 Mb/s and BRL mod-
rate using our BRL scheme, Fig. 4 depicts another powglation frequency ranging from 600 MHz to 1600 MHz, whereas
penalty curve with variable data rate ranging from 600 Mb/s tgig. 6 is for a fixed modulation frequencf, = 1000 MHz
1400 Mb/s and a fixed modulation frequenfy = 600 MHz.  and data rate ranging from 500 Mb/s to 1000 Mb/s. The cutoff
Other conditions are the same as those of Fig. 3. From Fig.dhta ratel, = 650 Mb/s and the slope\ = 7.194 can be ob-
when f; is about 900 Mb/s, the power penalty is about 1 dBained from Fig. 6. Comparing Fig. 4 with Fig. 6, we can find
With an increasing data ratg;, the power penalty increasesthat the modulator function can affect the cutoff frequerity
steeply, demonstrating the effectiveness of the proposed BR&d the slopeA. With the same data rate, the required BRL
device. modulation frequency is different. For example, for a data bit
. rate f; = 600 Mb/s, a BRL modulation signal with frequency
C. BRL Efficiency f = 400 MHz can impose 1-dB power penalty usipgt) =
Analogous to the parameters of a low-pass filter (LPF), twb+ cos(w - V/V,), whereas a BRL modulation frequenfy=
parameters are defined to characterize the performance of #86 MHz is required usingy:(t) = 1 + sin(V - «/V,). This

64 = 10log(p) = —10log| (1 + ap)? —
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phenomenon can be understoo@#3) poses a frequency-dou- -
bling property [8], [9]. Thus biasing at the maximum point is S0 | ~* Analytical Results B
better than at half-maximum point. On the other hand, the slope ~ £s | | —®— Experimental Data
A of the former modulation is smaller than that of the latter. § 6
Therefore, there is a tradeoff between the larger slapand . ol ,
lower BRL modulation frequency. % s

uo- A "#""‘“f...A..“

IV. COMPARISON OF THEANALYTICAL AND EXPERIMENTAL
REsSULTS
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Experimental setup (P€ polarization controller; MZ= Mach—-Zehnder Interferometric switch; ATE optical attenuator; LPF= low-pass filter;
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We verify the effectiveness of our scheme and validity of olg. 8. Comparison between the analytical and experimental results.

. . . ] ] alytical results are derived from (19). The experiment isfioe= 800 MHz,
analysis with an experimental system as showed in Fig. 7 [1@;a ratef, varying from 200 Mb/s to 800 Mb/2E° — 1 PRBS,NRZ), and

A distributed feedback (DFB) laser with a center wavelengthe 3-dB bandwidth of the RF filter .75 * f, MHz.

1555 nm is used as the transmitter. An optical MZ modulator
is used to impose the BRL modulation. The modulator has an

insertion loss of about 3 dB and an extinction ratio of about s - .
26 dB. A high-speed RF signal generator is used to generate the &20 | "+ - Analytical Results :
required BRL modulation signal to drive the modulator. There- 3 —*— Experimental Data

ceiver is a p-i-n receiver with a bandwidth of 1.6 GHz. Because

of the large receiver bandwidth, an RF-LPF is attached to the

receiver output to further narrow down the receiver bandwidth.
The modulator is biased at half-maximum point, and the peak

amplitude of the sinusoidal modulation signal is sétt@2, that

is

g(t,®) =1+ Sin(g cos(w,t + <I>)) .

With a fixed signal frequency af, = 800 MHz, we vary the

Power Penalt
-k -l
o o
\ .
} t

ey Yy N .
0 A?.. T

PO T A

100 120 140 160 180 200 220 240 260 280 300

Data Rate(Mb/s)

data rate and measure the power penalty. Fig. 8 shows boththeRF filter bandwidth is 205 MHz.

experimental results and the analytical results derived under the
same conditions. From Fig. 8, there is only a small deviation
between the experimental and analytical results. Fig. 8 success-

Fig.9. Comparison of power penalty between the analytical and experimental
results. Analytical results are derived from (19). The experimental i for
275 MHz and f,; varying from 100 Mb/s to 300 Mb/2{® — 1 PRBS,NRZ).

V. OPTIMIZATION OF THE BIT-RATE-LIMITER

fully demonstrates that the proposed BRL scheme can limit theThe performance of the BRL can be improved by choosing
user data rate. Another experiment was conducted using fix@mme optimal parameters for the modulation index and the BRL
data ratef; = 600 Mb/s with varying modulation frequency. modulation function. The objectives are 1) to induce minimum
Fig. 9 also shows that the analytical results again agree well wiihwer penalty when the data rate is below the specified data
the experimental results. rate, 2) to give very high power penalty when data rate exceeds
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the leased data rate, and 3) to give no BRL-induced crosstalk to (®)

adjacem channel. We haYe .Shown that the normalized ﬂdpe Fig. 12. Spectral density of BRL modulator signal with two different BRL
one of the appropriate criteria to assess the BRL performanceretiulation signals using-(¢). (a) Sinusoid waveform and (b) triangular
the proposal scheme. A largérgives a better bit-rate limiting waveform.

effect. Resulting from the BRL-induced interference power, the

slopeA is a function of Taylor expansion’s coefficients of thejo provides an optimal index. = 1.25 for the BRL modula-

modulation function. tion functiong, (t) = 1+ cos(w-V/V;) with a BRL modulation
signalV = V. cos(wst + ®)/2. Note that this optimain de-

A. Optimization of Normalized Slope and Passband Power pends on the modulation function.

Penalty

Based on (4), different BRL modulation amplitudes are inve8: Suppression of BRL-Induced Crosstalk
tigated to realize a bettéx. In Fig. 10, the power penalty curves Based on (8), the modulated signal would spread its spectral
with different modulation amplitudes are presented. In the anabntent to higher frequencies. The replicas of signal power spec-
ysis, the BRL modulation index parameteris used, and is re- tral waveform are generated, with descending power, at higher
lated to the BRL modulation signal amplitudesihy= 2V;/V,  frequencies with a frequency spacing 2of,. In future dense
wherelj, is the signal amplitude. From Fig. 10, with the increas&/DM (DWDM) systems, the wavelength channel spacing can
of modulation indexn, the slopeA increases gradually from be very compact, possibly only several times of data rate, e.g.,
5.29(m = 1.0) to 7.13(m = 1.25), resulting in a better BRL 3-6 times, depending on the discriminating ability of the wave-
performance. However, when is increased, it also induces alength multiplexers and demultiplexers. Thus, upon being mod-
higher power penalty even for data rate below the leased banthted by BRL, the higher order harmonics of signal spectral
width, i.e., higher passband power penalty. A propeshould may drop into adjacent channels. This will result in BRL-in-
be chosen to balance this performance tradeoff. duced crosstalk that can degrade system performance. The BRL

Fig. 11 plots different power penalty curves for different modscheme is suitable for WDM system in which different users
ulation frequencyf, and a fixedn = 1.0. Fig. 11 shows that the share a common fiber, thus it is desirable to reduce the crosstalk
passband power penalty is almost independerft ébr a fixed of the proposed BRL scheme. Here, we propose to use a par-
m = 1.0. Assume that the acceptable maximum power penaligular BRL modulation signal that can totally eliminate the
induced by this device is 1 dB. An optimal indexto give the crosstalk.
best BRL performance can then be found by choosingsthe Considering the Taylor series expansion of the modulation
that induces a 1-dB power penalty at the leased data rate. Fimction, it is possible to eliminate the higher order harmonics
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if a proper BRL modulation signal format is used to drive thian additional noises. Taking into the consideration of preampli-
modulator. For the BRL modulation functign(t) = 1+cos(x- fier, we can rewrite the formula (23) into
V/Vz), the function will become; (¢) = 1 + cos(w; - ¢) if the ST

BRL modulation signal is chosen to be a triangular waveform Sen(w) = I -F,, (24)
L
V= Z Vo(t — 2IT) (21) where F,, is the amplifier noise figure. After filtering, the
I=—o0 thermal noise power is given by
w Aw
_ s _ Ny = Sn(w) - |H(wW)|* d
O L R ) B T B a /_A (@) - [Hw)P? du
0, otherwise ofenT Aw
B 2
. . i . = -F, - H dw. 25
with 7' = 2x /w,. In this case, only the first order harmonics Ry /,Aw [ ()] dew (25)

exits and the optical signal power that leaks into adjacent chan-Sh t noi qinates f th d i f bhot
nels is minimized. Thus BRL-induced crosstalk is negligible, ot noise originates from the random generation ot photo-

further improving the proposed BRL scheme for DWDM Sysglectrons that in turn generates the electric current. Basically,
ﬁQOt noise is a stationary random process with Poisson statis-

tems. Using the new BRL modulation signal, we can obtain tf} hich b imated by the G . tatistics i
same bit-rate limiting performance without adjacent channel i £s, which can be approximated by the aussian statistics in
actice. The spectral density of shot noise is constant, and is

terference. In Fig. 12, the spectral of two modulation functiod¥
are compared. From Fig. 12(a), we can see that the odd ord&FN by

harmonics exists when the BRL modulation signal is a sinu- Son(w) = el (26)
soid waveform. On the other hand, when the periodic triangular o P

waveform is used instead, almost only the first order harmoniggere. is the electron charge anky is the average received

exists as shown in Fig. 12(b). The dramatic reduction in théoto current. The photocurrefy is given by
higher order harmonics implies that closer channel spacing is

allowed. I, =R Py 27)
VI. CONCLUSION whereR is the responsivity an,, is the incident optical power
. . . . _ 1 oo
_ I_n_thls paper, an analytical mpdel is constructed for a bit _rate P, = _/ So(w) du. (28)
limiting device proposed previously. Closed-form analytical 21 J_ oo

formulas are derived for both BER and power penalty. Thft filterina. the shot noi .

analytical results are consistent with the experimental measuré—er Hienng, the shot NoISe power s

ments. Two performance metrics, the cutoff data dieand Aw

the normalized 3 dB-to-1 dB slop&, are used to characterize New = /

the performance of the different BRL schemes. A o
With these two parameters, we analyze various schemes to = / |H(w)|? dw - eR - / So(w)dw. (29)

improve the BRL performance, and to reduce the BRL-induced —Aw —co

crosstalk in DWDM systems. Good BRL performance can agter the low-pass filter, the relative intensity noise (RIN)
be achieved with carefully chosen signal amplitude, which Bower is
required to balance between the tradeoff of passband power
penalty and normalized slope. By 1-dB pass-band power B Aw 5 i e
penalty rule, an optimal index, = 1.25 is found for the BRL ~ YRIN = /_Aw |H(w)|"dw - R -7y - /_Oo So(w) dw.  (30)
modulation functiory; (¢) = 1 + cos(w - V/V). _ _ o _

A periodic triangular waveform is proposed for the BRL modWherer; is a measure of the noise level of the incident optical
ulation signal. Such waveform can further minimize BRL inPOWer [6].

duced crosstalk, and is very desirable for DWDM systems.

Sen(w) - |H(w)|? dw
—Aw
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