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An Inductorless 20-Gbaud Overshoot Suppression
Modulator Driver Using Interleave Frequency
Variant Feedback in 90-nm CMOS

Shang Hong and Shawn S. H. Hsu™, Member, IEEE

Abstract— An inductorless modulator driver with effective
overshoot suppression and a large swing for high-speed optical
communications is presented. A novel interleave frequency vari-
ant feedback (IFVF) technique is proposed, which employs active
feedback loops with the RC degeneration. The RC degeneration
allows place the pole in the overall transfer function to shape the
waveform for overshoot and ringing suppression. Using a 90-nm
complementary metal oxide semiconductor (CMOS) technology,
the driver achieves a maximum 3.4 V, differential output voltage
swing. Clear eye diagrams for non-return to zero (NRZ) and
pulse amplitude modulation 4-level (PAM4) signal formats can
be obtained up to 32 Gb/s and 20 Gbaud, respectively. The circuit
consumes a total power of 560 mW and occupies a core area of
only 0.092 mm?.

Index Terms— CMOS, high speed, inductorless, interleave
feedback, linearity, modulator driver, nonreturn to zero (NRZ),
pulse amplitude modulation 4-level (PAM4), silicon photonics.

I. INTRODUCTION

N RECENT years, the strong demand for high data rates

has driven the innovation of high-speed communication net-
works. The optical interconnects play an important role in this
scenario. Compared with conventional electrical interconnects,
optical interconnects using fibers or optical waveguides have
the advantages of low loss and wide bandwidth (BW). Silicon
photonics has attracted much attention recently owing to the
potential of achieving a high integration level of the optical
components and ICs for high-speed data transmission [1], [2],
[3]. One very challenging topic of the ICs in silicon photonics
applications is the modulator driver, which requires a relatively
high output swing (typical > 3 V,) to obtain a sufficient
extinction ratio [4], [5], [6].

With the requirements of large output swing and high-speed
operation, the GaAs, InP, and SiGe technologies are often
employed to realize the modulator drivers, taking advantage
of the intrinsic material properties and high-performance tran-
sistors [7], [8], [9], [10]. The complementary metal oxide
semiconductor (CMOS) technology is, however, a preferred
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Fig. 1. Conceptual plot of the impact of signal overshoot on (a) NRZ and

(b) PAM4 eye diagrams.

solution for silicon photonics applications, considering the
issues of cost and integration level. Previous studies have
reported very good results of high-speed CMOS modulator
drivers [11], [12], [13]. Solutions are proposed to solve the
issues of low breakdown voltage and operating bandwidth,
limited by the transistor characteristics. Many reported results
are with the relatively simple nonreturn to zero (NRZ) modu-
lation format, and the inductive components are often exten-
sively employed to enhance the circuit performance [11], [14],
[15]. The multilevel pulse amplitude modulation (PAM) signal
format is an effective way to enhance the data rate, which
allows doubling the data rate compared to NRZ [16], [17];
however, this also poses a significant challenge in the driver
design, in which the transition among different data levels
and intersymbol interference (ISI) become serious issues for
high-speed operation. Fig. 1 illustrates the concepts of NRZ
and PAM 4-level (PAM4) signal formats. The PAM4 signal
divides the signal with four different levels to double the data
throughput in an ideal case. In practice, the signal overshoot
could be a critical issue, especially for PAM4. As shown in
Fig. 1(a), the NRZ format is relatively insensitive to overshoot.
In contrast, as the nonideal effects occur in the multilevel
signaling, the intermediate voltage levels, such as 01 and 10,
could be misjudged due to the reduced minimum eye-opening,
leading to a signal integrity problem.

In this article, an inductorless 20-Gbaud 3-V,, PAM4
modulator driver fabricated in 90-nm CMOS is demonstrated.
The interleave frequency variant feedback (IFVF) technique
is proposed to achieve a high data rate and large swing
with effective overshoot suppression with high linearity. Two
interleave active feedback loops with RC degeneration are
employed in the cascaded amplifying stages, demonstrating
a clear PAM4 eye diagram with equally spaced signal levels.
This article is organized as follows. Section II describes the
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Fig. 2. Illustration of the ISI issue due to a long tail in a conventional
modulator driver due to heavy capacitive loading in the main driver.

design considerations of the ISI issue for a high-speed mod-
ulator driver. Section III presents the topology and detailed
analysis of the proposed circuit. Both analytical equations and
simulated results are provided to explain the principle of the
proposed design. The measured results and discussions are
shown in Section IV. Finally, Section V concludes this work.

II. DESIGN CONSIDERATIONS OF MODULATOR DRIVER
A. ISI Issue in Conventional Modulator Drivers

Fig. 2 shows the conceptual plot of a typical cascade
modulator driver, which includes a predriver and main driver
[14]. The main driver often employs relatively large transistors
to provide a sufficient driving capability for the modulator.
As illustrated in Fig. 2, considerable parasitic capacitances
of the transistors cannot be avoided in the main driver. The
associated dominant pole will limit the bandwidth of the
overall driver circuit. Given the time domain characteristics,
the output waveform is distorted, showing a long tail owing to
the heavy capacitive loading, the overall circuit response can
be simplified as an RC lowpass behavior [18], and the duration
of the tail can be estimated by

Vour = Vo(l — e—Tbn/RC)e—NTbn/RC )

where V and Ty are the amplitude of the input pulse and the
symbol time, respectively, and N is an integer to sample the
signal level at different times. The voltage decay is inversely
proportional to the RC time constant. If the operating data
rate is high, the output voltage cannot decline to the desired
threshold level within the desired time period. The long tail
could increase the ISI, resulting in the bit error issue, which
degrades signal integrity and limits the data rate.

B. Modulator Driver Design for ISI Improvement

To achieve the requirement of large output swing and broad-
band simultaneously, the topologies of the distributed amplifier
(DA) and cascade inductive peaking amplifier are widely used
in the prior arts for modulator driver design [15], [19], [20],
[21]. The DA utilizes artificial transmission lines to absorb the
parasitic capacitances of the transistors, which can effectively
extend the bandwidth with a relatively flat gain response;
however, it also brings out several issues. The DAs are often
comprised of many stages to achieve a sufficient gain due to
the additive mechanism of each gain cell. The long inductive
gate and drain lines with the multiple gain stages could lead
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to significant chip area consumption. The large stage number
and the loss introduced by the transmission lines also increase
power consumption. In contrast, the cascade topology has the
advantage of multiplying the gain of each stage and can obtain
a high gain with a lesser stage number. The cascaded stages,
however, usually lead to significant bandwidth reduction, and
increasing power consumption and/or using inductive elements
is essential to achieve a large bandwidth.

As illustrated in Fig. 2, a typical cascade topology needs
the main driver for high output voltage swing, and heavy
capacitive loading comes with the main driver resulting in
limited bandwidth and a long tail issue of the output waveform.
The inductor peaking techniques are commonly used for the
broadband amplifier design to solve these problems, which can
create zeros and/or complex conjugate poles in the transfer
function for bandwidth extension [22]. One major issue of
using inductive peaking is the relatively large chip area,
especially for the advanced technology nodes with a high cost.
Another problem is the deteriorated gain flatness in the cascade
topology with inductive peaking for wideband applications.
Compared to the DA with a relatively flat gain, the gain vari-
ation introduced by inductive peaking can cause serious signal
ringing and overshoot, as illustrated in Fig. 1. For modulator
driver applications, this could introduce a significant ISI issue,
especially in the PAM4 signal format.

Compared with the works using the peaking inductors, the
main advantage of the proposed inductorless modulator driver
is the chip area. Note that the power consumption could be
relatively higher due to the active feedback loop to enhance
the bandwidth. It should be mentioned that using inductor
peaking is more straightforward, where L and R in each stage
can be adjusted to optimize the circuit performance. On the
other hand, active feedback is more sensitive in terms of
design parameters. One issue often encountered using inductor
peaking or active feedback in practical design is overpeaking,
which could cause a circuit stability problem. The proposed
IFVF has the advantage of reducing ringing and improving
circuit stability by adding RC degeneration to optimize the
injected feedback signal.

In this article, we propose an inductorless modulator driver
based on the cascade amplifier topology. The interleave fre-
quency variant feedback technique is proposed to solve the
above-mentioned issues. Without using any inductive com-
ponents and external bias-Tee at the output, a very compact
design can be achieved.

III. CIRCUIT DESIGN AND ANALYSIS
A. Circuit Topology

Fig. 3(a) shows the block diagram of the proposed IFVF
modulator driver, which includes four transconductance stages,
G1—G s, and one transimpedance gain stage Z;s. Also, two
interleave frequency variant active feedback loops, FV-G,,;
and FV-G,,», are employed, as indicated in Fig. 3(a), connect-
ing from the output nodes of G,,3 and G,,4 back to the input
nodes of G, and G,3, respectively. The last stage of the
transimpedance amplifier (TIA) converts the current signal to
a large output voltage swing for driving the 50-Q modulator.
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Fig. 3. (a) Block diagram of the proposed modulator driver. (b) Transistor level circuit schematic of the proposed modulator driver.

Fig. 3(b) presents the corresponding circuit topology at a
transistor level. The gain cells G, to G,3 are realized by
the common-source (CS) differential pairs with resistive loads.
The cascode stage functions as the main driver, which includes
two gain stages, G4 and Z;s. The CS stage G,,4 of cascode
converts the input voltage signal to current, while the common-
gate (CQ) stage functions as a TIA for the voltage output. The
two frequency-variant gain stages in the feedback loops with
RC degeneration are controlled by the bias current Iry; and
Irvo.

In order to achieve a better tradeoff between power effi-
ciency and bandwidth, the stage number of the predriver
should be minimized. The proposed circuit topology includes
a three-stage predriver together with a single-stage main driver
for the output stage, as shown in Fig. 3(b). Owing to the
desired large output swing, large transistors are needed for the
main driver. The corresponding parasitic capacitances become

significant, thereby limiting the bandwidth. With the nested
configuration, two layers of active feedback in the three-stage
pre-driver with a relatively high loop gain are an efficient
design to obtain a wide bandwidth while maintaining low
power consumption. In addition, a medium gain is sufficient
for a typical modulator driver (an overall ~20 dB gain in this
design), and a three-stage stage predriver is suitable to meet
the required gain specification. It should be emphasized that
the proposed nested feedback configuration allows combin-
ing the predriver and the main driver to increase the loop gain
by connecting the second active feedback loop to the node
between the CS and CG stages in the main driver.

An intuitive way to explain the function of the active
feedback loops is that the feedback stage acts as the transcon-
ductance converter to the sample and then injects an opposite,
delayed, and scaled version of the current to the specific node
[23] for adjusting the signal. As a result, the time domain
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TABLE I
DESIGN PARAMETERS AND BIAS OF THE MODULATOR DRIVER

M A/ Mg 30um Ria/Ris 90Q2
Msa/Msg 50pum Rya/Rop 70Q2
M;4/Msg 120pm R3a/R3p 650
Mua/Map 360pm Rua/Rup 50Q
M;sa/Msp 200pm Ruege 1/Rege 2 75Q/75Q
Mgia/MEis 25pum Caege 1/Caecge 2 220fF/220fF
Mp2a/Mp2g 30pm I/1, 8.5mA/16.5mA
I3/14 25mA/83mA Leqi/leq2 4mA/12mA
Vooi/ Vo2 22V/2.2V Vop3/Vbps 2.2V/I5V

response can be optimized with a proper feedback network
design. Note that G,,1, G2, and G,,3 are designed to obtain a
current ratio of ~1:2:3 to provide a sufficient driving capability
for the predriver. The main driver has a bias current level of
~80 mA with an effective load of 25 Q to achieve a maximum
4 Vppa differential output. The design of the loop gain and RC
degeneration in the two feedback loops are determined based
on an analytical analysis together with the simulated transient
response. The detailed design parameters and bias conditions
are listed in Table I.

It should be emphasized that active feedback is an effec-
tive technique that can be used for bandwidth extension in
broadband amplifier design. The conventional second-order
active feedback is widely adopted for the receiver in optical
communications [24]. The gain-bandwidth product (GBP)
can be increased significantly, even exceeding the fr of the
transistor. The third-order active feedback was also used for
bandwidth enhancement [25]. One major issue for the higher-
order feedback is the severe gain peaking compared with the
second-order design. The interleave active feedback topology
was proposed to alleviate the over-peaking problem while
achieving bandwidth extension simultaneously, which can be
decomposed into two third-order feedback loops with different
loop gains [26]. The overall frequency response is a multipli-
cation of the two different gain profiles, and a relatively flat
gain over a wide frequency range can be achieved. A high-
performance 10 Gb/s limiting amplifier (LA) has been reported
based on this technique with detailed analysis [26]. The
nested active feedback is a modified version of the third-order
feedback topology, which introduces an additional feedback
cell inside the third-order feedback loop that can also alleviate
the over-peaking issue and improve stability [27]. Note that
identical stages are employed to build the amplifier with a
relatively small output signal swing in most of the previous
studies. Based on the concept of interleaving active feedback,
we propose the IFVF topology for high swing and broadband
modulator driver design. Different from previously reported
topologies, the nonidentical gain and feedback cells are used to
overcome the heavy capacitive loading issue to obtain a large
output swing. Also, a novel idea using the active frequency
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variant feedback with the RC degeneration is proposed, which
can create additional poles for overshoot suppression and
stability enhancement while maintaining a wide bandwidth and
achieving high linearity. To the best of the authors’ knowledge,
using the interleave active feedback topology with different
cell sizes and RC degeneration for broadband large-signal
modulator driver design has never been reported before.

B. Transfer Function

According to Fig. 3(a), the transfer function of the proposed
modulator driver can be derived as

Uy G](S)
) = = T e nemen @)
1=G y2(5)G3(5)Ga(s)
HZ(S) = U_y = GZ(S) (3)
Ux 1 — G 12(5)G3(5)Ga(s)
)
Hy(s) = —= = Gs(s) )
y
Dl}
Hy(s) = D—‘ = G4(s) )
4
H5(S) = % = GS(S) (6)
Dou 5
Hioal (s) = D(Tl = _1:[1 H;(s)

G1(5)G2(5)G3(5)G4(s)Gs(s)
1 = G1(5)G2(s)G3(s) — G r2(5)G3(5)Ga(s)
@)

where G (s) to G4(s) present the voltage gain of the gain
cells 1-4, respectively, Gs(s) is the voltage gain of the
TIA, and Gyi(s) and G(s) are the voltage gains of the
two active feedback cells, respectively. Note that the voltage
gain is used for the TIA to simplify the expression. With
the concept of superposition, the overall loop gain becomes
Gr1(5)G2(5)G3(s) + Gya(s)G3(s)G4(s) contributed from
both active feedback loops for bandwidth extension.

The transfer function is derived by dividing the circuit into
several blocks along the signal path. H;(s) takes the loading
of the two active feedback loops into account, as can be seen
from G¢i(s) and G #>(s) in the denominator of the transfer
function, while H(s) includes the second loop via G s2(s).
Hi(s) and Hy(s) are relatively simple since the feedback paths
of V, and V,, are connected to the transistor gate directly
with a negligible loading effect. It can be observed from the
derived transfer functions that the first and second stages are
the de-emphasis stages, while the following stages are for
amplification. As shown in H;(s) and H(s), the denominator
terms are always larger than one due to the inverted gain stages
and negative feedback. In practical design, the low-frequency
gain is reduced by the first two stages and the active feedback,
as indicated in (2) and (3). The rest of the gain stages are then
designed to boost the gain to achieve a flat frequency response.
Based on the actual final design, as shown in Fig. 3(b),
Fig. 4 plots the simulated transfer function at different stages to
demonstrate the points described above. As shown in Fig. 4,
the gain is suppressed significantly at low frequencies with
over peaking at high frequencies if considering v,/v;, with
the first two stages and active feedback. With the following
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Fig. 4. Transfer functions at different nodes in the proposed modulator driver.
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Fig. 5. Comparison of the simulated frequency responses of the modulator
driver in different design cases.

stages, the low-frequency gain increases gradually, and finally,
the desired transfer function with a relatively flat gain response
can be achieved.

Fig. 5 compares the simulated frequency response of the
modulator driver based on the actual circuits. The cascaded
design without the active feedback shows a relatively small
bandwidth. With the active feedback added, an obvious band-
width extension and also overpeaking characteristic can be
observed. With a fundamental second-order active feedback,
it can be proved that the bandwidth can be increased by 1.55x
if the damping factor of the transfer function is designed
as 0.707 [18]. In the proposed nested third-order design,
a higher loop gain (~20 dB) can be achieved, resulting in
a significant bandwidth extension. One issue of using the
active feedback design is the overpeaking, especially with
higher-order active feedback loops. By adding RC degener-
ation to the feedback loop (IFVF), the overpeaking issue can
be alleviated effectively, as can be seen in Fig. 5. More details
of the corresponding time-domain response will be discussed
in Section III-E.

C. Pole-Zero Analysis in Active Feedback With RC
Degeneration

As mentioned previously, active feedback can cause issues
of overpeaking and instability. As a result, overshoot and
ringing become serious in the waveform. Based on the inter-
leave active feedback topology, the proposed IFVF technique
introduces the concept of using RC degeneration in the active
feedback cell to solve the problems. Creating an additional
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zero by RC in the feedback stage can result in a very different
characteristic for the overall circuit. From an alternative point
of view, the transfer function is constructed based on a general
pole-zero analysis with a simplified assumption that the core
amplifier has three major individual poles of p3 > p, > p;.
In practical design, p; is corresponding to the input of the
main driver (v;), p> can be referred to as the node between
the CG and CS stages of the main driver (v,,), and p3 results
from the input of the third stage (v,). The closed-loop form
of the simplified transfer function can be expressed as

Ay
() (+5) (+5)

ap(142)
14—
(1+50) (455) (140)

where Ay is the low-frequency gain of the intrinsic amplifier,
and £ is the feedback coefficient. As can be seen, an additional
zero is included owing to the RC degeneration in the active
feedback. Note that the effect of two feedback loops is
simplified to only one f-related term since one of the active
feedback loops dominates in practical design. Equation (8) can
be rearranged to be (9), as shown below

A,

I+ ) (15 )1+ .
(1) [ LAl |,
1 (1+3)
Assuming z; is chosen to be close to p3 and can compensate
with each other, (9) can be further simplified as

Ao

(1+;—1)[(1+§)(1+i) +A0ﬁ].

With a properly arranged z;, the zero introduced by the
RC degeneration can act as a real pole in the overall fre-
quency response, which can effectively reduce the over-
shoot and enhance stability. The denominator also includes
a second-order polynomial term with a pair of complex
conjugate poles, which can be expressed as

Ap = )

Ay = ©)

Af%

(10)

&+ (%)s + ()] (i)
where

w, = pipa(l + Aof) (12)

o = VPP A 03

p1+ p2

If the polynomial term dominates, the time-domain char-
acteristics, such as overshoot and ringing, will be mainly
determined by the Q value here. The nonideal effect becomes
more serious if Q is too large. In the actual design, the time-
domain characteristics are affected by both types of poles
simultaneously. Based on (8) and with MATLAB, the Bode
plot can be used to further investigate the design principle
and the impact of z; on circuit characteristics. Note that the
low-frequency loop gain Apf used in the simulation is 20 dB,
where Ay = 40 dB, f = —20 dB. Also, the poles in the
transfer functions are estimated based on the actual final design
by fitting the frequency response. Fig. 6(a) and (b) shows the
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simulated loop gain for the magnitude and phase, respectively,
in the cases with (z; placed at p;, p», ps3, respectively) and
without RC degeneration. An obvious phase reduction can
be observed with the RC degeneration added to the active
feedback loop, which effectively enhances the circuit stability.

Fig. 7(a) and (b) presents the corresponding close-looped
frequency response of the modulator driver, and the desired
frequency response can be obtained as z; is placed at ps.
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Fig. 8. Comparison of simulated pole-zero plots of the modulator driver w/i
and w/o IFVF by sweeping the voltage gain of the two active feedback cells.
(a) Gy and (b) G2, respectively.

It should be emphasized that overpeaking could occur without
adding the RC degeneration in the active feedback network,
as illustrated in Fig. 7(a), which is consistent with the results
of the simulated loop gain, as shown in Fig. 6. In addition,
the phase change becomes less abrupt with z; created by
the RC degeneration, which is consistent with the relatively
flat gain observed in the magnitude plot. Fig. 7(c) plots the
corresponding time-domain response with a step input also
based on (8) as the output voltage normalized to 1 V. The
curves show that the improved rise time with a reasonable
ringing can be obtained as z; is placed at p3;, which also
agrees well with the Bode plots. Although the ringing seems
to be relatively high among the three cases, it is still much
improved compared to that without using the IFVF technique
(see Fig. 10). Also note that the case without RC degeneration
cannot converge in the step response and is not included in
Fig. 7(c). In practical design, the simulation tool was employed
rigorously to investigate the optimal values of RC degeneration
in the feedback loop, mainly based on the overall time-domain
characteristics of the modulator driver.

D. Loop Gain and Linearity

The active feedback IFVF topology has two critical design
parameters, namely, the RC degeneration and the gain of the
feedback loop. Based on the actual circuit, Fig. 8(a) and
(b) shows the simulated pole-zero plots by sweeping the
voltage gain of the two active feedback cells G 1 and Gy,
respectively, to evaluate the stability as a function of loop gain.
Note that the loop gain is changed by adjusting the current
sources Ipy| and Igy; of FV-G,,. Also, only a pair of dominant
complex conjugate poles are shown in Fig. 8(a) and (b) of each
case to simplify the analysis.

First, as shown in Fig. 8(a), the complex conjugate poles
move towards the more negative end along the x-axis with
a reduced loop gain Gy; (RC is fixed), which indicates
improved stability. More importantly, the locations of the com-
plex conjugate poles move substantially towards the left-hand
side with the RC degeneration in the active feedback. The
results indicate that the modulator driver becomes more stable
and could alleviate the overshoot and ringing effect in the
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waveform, which is consistent with our previous analysis.
Fig. 8(b) shows a similar plot for G,, where the locations
of poles are relatively insensitive to the change of loop gain.
Note that although the voltage level at v,, is relatively high,
the CS stage in the cascode topology is with a low voltage
gain, and G4 becomes much lower than G,. As a result, the
first loop gain G y1G,G3 is much higher than the second loop
gain G 2G3G4 (Gyi =~ Gyy); therefore, the circuit is less
sensitive to G y». The difference is, however, still significant
if the IFVF technique is applied. In the actual design, the
circuit characteristics are mainly optimized by the first active
feedback loop due to the sensitivity to the loop gain, which
is also consistent with our assumption in deriving the pole-
zero transfer function of (8). Note that the complex conjugate
poles in the final design are close to o/wy = —4.5 and
wlwy = £22.5 where wy = 1 GHz, as included in Fig. 8.

The linearity of the modulator driver is also a critical issue,
especially for the PAM4 signaling. Based on the actual design,
Fig. 9 compares the simulated total harmonic distortion (THD)
without and with the proposed IFVF as a function of the output
swing. To evaluate the impact of IFVF on circuit linearity, the
increased output level is achieved by reducing the feedback
factor with the current sources of the active feedback loops
while the input signal level is kept at 500 mVppy at 1 GHz.
As shown in Fig. 9, the THD can be suppressed effectively
at a high output swing using the proposed IFVF with the
RC degeneration applied in the active feedback loop. The
improved THD is beneficial to maintain equal spacing among
different signal levels in the PAM4 signal format.

E. Pulse/Step Response and Eye-Diagram

An ideal pulse with 500 mVp,q and 25 ps (40 Gb/s)
pulsewidth is applied at the input of the actual modulator
driver to evaluate the bandwidth limitation and residual signal
tail, as shown in Fig. 10(a), which is consistent with the
frequency response shown in Fig. 5. By removing the active
feedback loop, we can obtain the curve “w/o active FB.”
With the active feedback loop but simply removing the RC
degeneration elements, we can obtain the curve “active FB
loop only.” For the optimal result, “active FB loop + RC
degeneration (IFVF),” the zero is placed between p, and p3 by
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Fig. 10. Simulated results of different input waveforms. (a) Pulse (500 mV pyq
and 25 ps) and (b) step response.
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Fig. 11. Comparison of the simulated group delay of the proposed modulator
driver.

optimizing the step response in the actual design. Note that the
zero introduced by the RC degeneration is not exactly placed
at p3 as we analyzed by MATLAB, which is a conceptual
explanation.

First, a very long tail can be observed if the active feedback
loops are removed in the driver, which is similar to the
waveform illustrated in Fig. 2. By using the interleave active
feedback, the signal tail can be reduced significantly; however,
the signal tail issue can be further improved by the proposed
IFVF to reach a better damping characteristic. As can be seen,
the post cursor is reduced, which will lead to an increased
minimum vertical eye-opening [28]. Fig. 10(b) compares the
simulated step response of the modulator driver, which can
emulate the transition among different voltage levels in the
PAM4 signal format. Here, we use the transition from 00 to
10 as an example (Vi, = 333 mV,pq). A very slow response
can be observed without using the active feedback loops in the
driver. In contrast, the rise time (10%-90%) can be improved
significantly if the active feedback loops are employed. The
rise times are 37, 15, and 20.6 ps for without any feedback, and
without and with IFVE, respectively. Although the proposed
design technique increases the rise time slightly, the issues of
overshoot and settling time are alleviated significantly, result-
ing in much improved PAM4 signal integrity. Fig. 11 compares
the group delay. The results indicate the effectiveness of using
the RC degeneration in the active feedback loop to reduce the
group delay variation.

The simulated NRZ and PAM4 eye diagrams are shown
in Figs. 12 and 13, respectively. As can be seen, serious
data-dependent jitter is induced in the case without using
the proposed IFVF technique, which is consistent with that
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Fig. 14.  Simulated loop gain of the proposed IFVF modulator driver in
different corner cases.

observed obtained in Fig. 10(a). In addition, as multilevel
signaling is applied, such as PAM4 with a reduced SNR
[29], the overshoot becomes a much more serious issue. For
example, the overshoot could exceed half of the eye interval,
as shown in Fig. 13(a). In contrast, the overshoot issue can
be alleviated significantly with the proposed IFVF technique,
resulting in a clear eye diagram and improved signal integrity,
as shown in Fig. 13(b). Note that this agrees well with the
simulated step response in Fig. 10(b).

One issue with the active feedback is that the circuit
could be more sensitive to the process, voltage, tempera-
ture (PVT) variation, which is dominated by the loop gain.
Fig. 14 shows the simulated loop gain G f1(s)G2(s)G3(s) +
G 12(5)G3(s5)G4(s) including some worst cases based on the
actual circuit. As can be seen, the typical case (TT, 25 °C,
nominal V) shows a gain of 20.7 dB, and the gain changes
within a relatively small range between 21.1 and 21.7 dB for
the other three corner cases (SS, —40 °C, low V; SS, 125 °C,
low V; FE, —40 °C, high V). On the other hand, a more obvious
change to 18.4 dB can be observed for the last corner case
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Fig. 16. Micrograph of the proposed IFVF modulator driver in 90-nm CMOS.

(FF, 125 °C, high V). In practical design, this can be fixed by
adjusting the bias current in the active feedback loop.

Also, one important consideration for the previous small-
signal pole-zero analysis is if this is suitable for the large-
signal modulator driver. Fig. 15 shows the simulated large-
signal transient gain to verify this point using a single-tone
sinewave at several frequencies. With three different voltage
levels (corresponding to 1/3, 1/2, and the full swing of
the output signal), the result indicates that the gain is very
consistent in a wide input signal range, and agrees very well
with the S-parameters at low frequencies. Note that the gain
also becomes relatively flat at high frequencies compared
with that obtained in the S-parameters. With the consistency
between the small-signal and large-signal characteristics, the
pole-zero analysis should be able to reasonably predict the
circuit stability under the large-signal operating condition.

IV. MEASURED RESULTS AND DISCUSSION

The proposed inductorless IFVF modulator driver has been
implemented in a 90-nm CMOS technology, which occupies
a core area of only 0.092 mm? (227 x 405 um), as shown in
Fig. 16. The differential S-parameters were measured on-wafer
with the RF probes by a four-port network analyzer (Keysight
N5247A) under a total power consumption of 560 mW from
0.1 to 40 GHz. Fig. 17 compares the simulated and measured
S-parameters, which show an excellent agreement over a
wide frequency range. The modulator achieves a high gain
of ~18 dB and a 3-dB bandwidth close to 16 GHz with
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TABLE 11
PERFORMANCE SUMMARY OF MODULATOR DRIVER AND COMPARISON WITH PRIOR WORKS

(71 [12] [32] [33] [34] [35]
Spec. JSSC JSSC TVLSI TMTT RFIC TCAS-II This Work
2020 2019 2014 2017 2019 2016
130 nm 45 nm 130 nm
Tech. BiCMOS RFSOI 130 nm BiCMOS 40 nm 65 nm 90 nm
fr (GHz) 250 290 90 300 270 160 120
Signal format NRZ/PAM4/PAMS PAM4/NRZ NRZ NRZ/PAM4 NRZ NRZ NRZ/PAM4
Inductor YES YES YES YES YES NO NO
Output Bias-Tee NO NO YES NO NO YES NO
Linear YES YES NO YES NO NO YES
Max. Data Rate
(Gbls) 138 112 20 90 28 20 40
Max. Swing
6 5.2 7 4 4 5 34
(Vppd)
Ppc (mW) 1000 890 900 550 585 534 560
Core area (mm?) 0.33" 0.31 0.72 0.476* 0.25 0.068 0.092
Norm. area (mm?) 0.16 1.24 0.345 0.228 1.265 0.13 0.092

Power eff.

(mW/Gbps) 7.24 7.95 45 6.11 20.9 26.7 14
FOM! 0.55 0.43 0.25 0.55 0.18 0.23 0.6
FOM? 343 0.35 0.72 2.4 0.14 1.8 6.5
FOM? 20.58 1.75 5.01 9.64 0.56 9 22.1

‘Estimated by chip photo; FoM'= 1000- max. data rate/(Ppc:fr); FoM?= 1000- max. data rate/(Ppc:fr- norm. area);
FoM? = 1000- max. data rate - max. swing/(Ppc:fr- norm. area); normalized area = Core area - (90 nm / Tech.)’
50 T T T i
40 —8— Sqq_gijm, ~O—S21_Sim. —A—Sy Sim. DC bias
o 20 084 1_I\{Ieas.+ $21_Meas.~2— S22_Meas. P‘gseen :::::" M;dr;""'::“ — AT Sampling Scope
% 20 MP 1800A our) D DeAX 861000
by 10 L -10dB -20dB
- DC bias
Q
E 0 %
g 10 Fig. 18. PAM4 measurement setup for the modulator driver.
g 20
(72}
-30 .
40 are connected to protect the sampling scope. Note that the
0 10 20 30 40
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Fig. 17. Simulated and measured results of differential S-parameters of the
proposed inductorless modulator driver.

a flat S, response. The measured reflection coefficients Sj;
and Sy, are both below —10 dB within the 3-dB frequency.
The transient response was measured using a pattern generator
Anritsu MP1800A and a sampling scope Keysight 86100D.
Fig. 18 shows the block diagram for the PAM4 measurement
setup. After the MUX and 10-dB attenuators, a maximum
input differential swing of 500 mV,q can be obtained at the
input of the modulator driver. The bias-Tee is only used to
provide the gate bias of the input stage Mi4/M,p due to the
on-chip dc bias pad limitation, and no bias-Tee is used at the
output. The dc blocks at the output and the 20-dB attenuators

pattern generator has a maximum data rate of 32 Gb/s.

Fig. 19(a)-(d) shows the measured NRZ electrical eye
diagram of the modulator driver with a differential output at
10, 20, 25, and 32 Gb/s, respectively. Fig. 20(a)-(d) shows
the measured PAM4 signal eye diagrams with the data rates
of 5, 10, 15, and 20 Gbaud, respectively. As can be seen, clear
eye diagrams are obtained with equally distributed levels. The
measured PAM4 signal demonstrates excellent linearity with
an Ry ratio over 92%, where the ratio level mismatch (RLM)
is defined as [30], [31]

Vmin

RILM =3. .
Vok—pk

(14)

Table II shows a comparison with the prior works of the
modulator drivers in different technologies. Without using any
inductive components, the proposed modulator driver using
the IFVF technique demonstrates high-speed operation with
a large output swing and only consumes a very small chip
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Fig. 19. Measured results of NRZ eye diagram. (a) 10, (b) 20, (c) 25, and
(d) 32 Gb/s.

Fig. 20. Measured result of PAM4 eye diagram. (a) 5, (b) 10, (c) 15, and
(d) 20 Gbaud.

area. The obtained figure-of-merits (FoMs) are among the
best compared with prior published results. Note that FoM! is
based on [36] for DAs, but here the GBP is replaced by the
data rate to evaluate the modulator driver. On the other hand,
FoM? also includes the normalized chip area to the different
technology nodes, which is based on [35] to emphasize the
area efficiency. Based on FoM?2, FoM? also considers the
maximum output swing, which is an important index for the
modulator driver.

V. CONCLUSION

A high-speed inductorless modulator driver in 90-nm
CMOS has been demonstrated. Using the proposed IFVF
technique, the two active feedback loops with the RC degen-
eration can add desired poles in the transfer function and
effectively suppress overshoot and ringing in the waveform.
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The experiential results showed clear eye diagrams for
NRZ and PAM4 signal formats obtained up to 32 Gb/s
and 20 Gbaud, respectively. Without using any inductive
components, a very compact design can be achieved with a
core area of only 0.092 mm?.

ACKNOWLEDGMENT

The authors would like to thank the Taiwan Semiconductor
Research Institute (TSRI), Hsinchu, Taiwan, for chip imple-
mentation and high-frequency measurements.

REFERENCES

[1] Z. Xuan, R. Ding, Y. Liu, T. Baehr-Jones, M. Hochberg, and F. Aflatouni,
“A low-power hybrid-integrated 40-Gb/s optical receiver in silicon,”
IEEE Trans. Microw. Theory Techn., vol. 66, no. 1, pp. 589-595,
Jan. 2018.

[2] A. Awny et al., “A 40 Gb/s monolithically integrated linear photonic
receiver in a 0.25-um BiCMOS SiGe:C technology,” IEEE Microw.
Wireless Compon. Lett., vol. 25, no. 7, pp. 469-471, Jul. 2015.

[3] M. Raj et al., “Design of a 50-Gb/s hybrid integrated Si-photonic optical
link in 16-nm FinFET,” IEEE J. Solid-State Circuits, vol. 55, no. 4,
pp. 1086-1095, Apr. 2020.

[4] G. Reed et al., “Recent breakthroughs in carrier depletion based silicon
optical modulators,” Nanophotonics, vol. 3, nos. 4-5, pp. 229-245,
Aug. 2014.

[5] N. Kikuchi, E. Yamada, Y. Shibata, and H. Ishii, “High-speed InP-
based Mach—Zehnder modulator for advanced modulation formats,” in
Proc. IEEE Compound Semiconductor Integr. Circuit Symp. (CSICS),
Oct. 2012, pp. 1-4.

[6] E. Rouvalis, “Indium phosphide based IQ-modulators for coherent
pluggable optical transceivers,” in Proc. IEEE Compound Semiconductor
Integr. Circuit Symp. (CSICS), Oct. 2015, pp. 1-4.

[71 A. H. Ahmed, A. E. Moznine, D. Lim, Y. Ma, A. Rylyakov, and
S. Shekhar, “A dual-polarization silicon-photonic coherent transmitter
supporting 552 Gb/S/wavelength,” IEEE J. Solid-State Circuits, vol. 55,
no. 9, pp. 2597-2608, Sep. 2020.

[8] Y. Ogiso et al., “Ultra-high bandwidth InP IQ modulator co-assembled
with driver IC for beyond 100-GBd CDM,” in Proc. Opt. Fiber Commun.
Conf. Exhib. (OFC), 2018, pp. 1-3.

[9]1 R. J. A. Baker, J. Hoffman, P. Schvan, and S. P. Voinigescu, “SiGe
BiCMOS linear modulator drivers with 4.8-Vp,, differential output swing
for 120-GBaud applications,” in Proc. IEEE Radio Freq. Integr. Circuits
Symp. (RFIC), Jun. 2017, pp. 1-4.

[10] C. Knochenhauer, J. C. Scheytt, and F. Ellinger, “A compact, low-
power 40-GBit/s modulator driver with 6-V differential output swing in
0.25-pm SiGe BiCMOS,” IEEE J. Solid-State Circuits, vol. 46, no. 5,
pp. 1137-1146, May 2011.

[11] E. Temporiti et al., “Insights into silicon photonics Mach—Zehnder-based
optical transmitter architectures,” IEEE J. Solid-State Circuits, vol. 51,
no. 12, pp. 3178-3191, Dec. 2016.

[12] O. El-Aassar and G. M. Rebeiz, “A DC-to-108-GHz CMOS SOI
distributed power amplifier and modulator driver leveraging multi-drive
complementary stacked cells,” IEEE J. Solid-State Circuits, vol. 54,
no. 12, pp. 3437-3451, Dec. 2019.

[13] S. Nakano et al., “A 2.25-mW/Gb/s 80-Gb/s-PAM4 linear driver with a
single supply using stacked current-mode architecture in 65-nm CMOS,”
in IEEE VLSI Symp. Dig., Jun. 2017, pp. C322-C323.

[14] S. Nakano, M. Nogawa, H. Nosaka, A. Tsuchiya, H. Onodera, and
S. Kimura, “A 25-Gb/s 480-mW CMOS modulator driver using area-
efficient 3D inductor peaking,” in Proc. IEEE Asian Solid-State Circuits
Conf. (A-SSCC), Nov. 2015, pp. 1-4.

[15] Y. Li, P. Chiu, K. Li, D. Thomson, G. Reed, and S. Hsu, “A 40-Gb/s
4-Vy, differential modulator driver in 90 nm CMOS,” IEEE Microw.
Wireless Compon. Lett., vol. 28, no. 1, pp. 73-75, Jan. 2018.

[16] R. Farjad-Rad, C.-K. K. Yang, M. A. Horowitz, and T. H. Lee,
“A 0.4-um 10-Gb/s 4-PAM pre-emphasis serial link transmitter,” /EEE
J. Solid-State Circuits, vol. 34, no. 5, pp. 580-585, May 1999.

[17] R. Farjad-Rad, C.-K. K. Yang, and M. A. Horowitz, “A 0.3-um CMOS
8-Gb/s 4-PAM serial link transceiver,” IEEE J. Solid-State Circuits,
vol. 35, no. 5, pp. 757-764, May 2000.

[18] B. Razavi, Design of Integrated Circuits for Optical Communications.
New York, NY, USA: McGraw-Hill, 2003.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on April 06,2023 at 03:47:08 UTC from IEEE Xplore. Restrictions apply.



1054

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 71, NO. 3, MARCH 2023

J. Hoffman, S. Shopov, P. Chevalier, A. Cathelin, P. Schvan, and
S. P. Voinigescu, “55-nm SiGe BiCMOS distributed amplifier topologies
for time-interleaved 120-Gb/s fiber-optic receivers and transmitters,”
IEEE J. Solid-State Circuits, vol. 51, no. 9, pp. 2040-2053, Sep. 2016.
S. Shopov and S. P. Voinigescu, “A 3 60 Gb/s transmitter/repeater front-
end with 4.3V, single-ended output swing in a 28 nm UTBB FD-
SOI CMOS technology,” IEEE J. Solid-State Circuits, vol. 51, no. 7,
pp- 1651-1662, Jul. 2016.

T.-J. Chen, H.-M. Su, T.-H. Lee, and S. S. H. Hsu, “A 64-Gb/s 4.2-V,
modulator driver using stacked-FET distributed amplifier topology in
65-nm CMOS,” in IEEE MTT-S Int. Microw. Symp. Dig., Boston, MA,
USA, Jun. 2019, pp. 730-733.

J. Jin and S. Hsu, “A 40-Gb/s transimpedance amplifier in 0.18-xm
CMOS technology,” IEEE J. Solid-State Circuits, vol. 43, no. 6,
pp. 1449-1457, Jun. 2008.

J. Kim, J.-K. Kim, B.-J. Lee, and D.-K. Jeong, “Design optimization
of on-chip inductive peaking structure for 0.13 xm CMOS 40-Gb/s
transmitter circuits,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 56,
no. 12, pp. 2544-2555, Dec. 2009.

S.-H. Huang, W.-Z. Chen, Y.-W. Chang, and Y.-T. Huang, “A 10-Gb/s
OEIC with meshed spatially-modulated photo detector in 0.18-xm
CMOS technology,” IEEE J. Solid-State Circuits, vol. 46, no. 5,
pp. 1158-1169, May 2011.

C. Liu, Y. P. Yan, W. L. Goh, Y. Z. Xiong, L. J. Zhang, and M. Madihian,
“A 5-Gb/s automatic gain control amplifier with temperature compen-
sation,” IEEE J. Solid-State Circuits, vol. 47, no. 6, pp. 1323-1333,
Jun. 2012.

H.-Y. Huang, J.-C. Chien, and L.-H. Lu, “A 10-Gb/s inductorless CMOS
limiting amplifier with third-order interleaving active feedback,” IEEE
J. Solid-State Circuits, vol. 42, no. 5, pp. 1111-1120, May 2007.

S. Ray and M. M. Hella, “A 53 dBQ2 7 GHz inductorless transimpedance
amplifier and a 1-THz+ GBP limiting amplifier in 0.13 gm CMOS,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 65, no. 8, pp. 2365-2377,
Aug. 2018.

I. Ozkaya et al., “A 64-Gb/s 1.4-pJ/b NRZ optical receiver data-path in
14-nm CMOS FinFET,” IEEE J. Solid-State Circuits, vol. 52, no. 12,
pp. 3458-3473, Dec. 2017.

J. Lee, P-C. Chiang, P.-J. Peng, L.-Y. Chen, and C.-C. Weng, “Design of
56 Gb/s NRZ and PAM4 SerDes transceivers in CMOS technologies,”
IEEE J. Solid-State Circuits, vol. 50, no. 9, pp. 2061-2073, Sep. 2015.
M. Bassi, F. Radice, M. Bruccoleri, S. Erba, and A. Mazzanti, “A high-
swing 45 Gb/s hybrid voltage and current-mode PAM-4 transmitter in
28 nm CMOS FDSOL,” IEEE J. Solid-State Circuits, vol. 51, no. 11,
pp- 2702-2715, Nov. 2016.

M. Bassi, F. Radice, M. Bruccoleri, S. Erba, and A. Mazzanti,
“3.6 A 45Gb/s PAM-4 transmitter delivering 1.3V,,q output swing with
1V supply in 28 nm CMOS FDSOL” in [EEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Jan. 2016, pp. 66-67.

M.-S. Kao, F.-T. Chen, Y.-H. Hsu, and J.-M. Wu, “20-Gb/s CMOS
EA/MZ modulator driver with intrinsic parasitic feedback network,”
IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 22, no. 3,
pp. 475483, Mar. 2014.

[33]

[34]

[35]

[36]

P. Rito, I. G. Lopez, A. Awny, A. C. Ulusoy, and D. Kissinger, “A DC-
90-GHz 4-V;,, modulator driver in a 0.13-xmSiGe:C BiCMOS process,”
IEEE Trans. Microw. Theory Techn., vol. 65, no. 12, pp. 5192-5202,
Dec. 2017.

Q. Liao et al., “A dual-28Gb/s digital-assisted distributed driver with
CDR for optical-DAC PAM4 modulation in 40 nm CMOS,” in
Proc. IEEE Radio Freq. Integr. Circuits Symp. (RFIC), Jun. 2019,
pp. 219-222.

Y. Kim, G.-S. Jeong, J.-E. Park, J. Park, G. Kim, and D.-K. Jeong,
“20-Gb/s 5-Vp, and 25-Gb/s 3.8-V, area-efficient modulator drivers
in 65-nm CMOS,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 63,
no. 11, pp. 1034-1038, Nov. 2016.

C.-Y. Hsiao, T.-Y. Su, and S. S. H. Hsu, “CMOS distributed amplifiers
using gate—drain transformer feedback technique,” IEEE Trans. Microw.
Theory Techn., vol. 61, no. 8, pp. 2901-2910, Aug. 2013.

Shang Hong received the B.S. degree from National
Yang Ming Chiao Tung University, New Taipeli,
Taiwan, in 2018, and the M.S. degree from National
Tsing Hua University, Hsinchu, Taiwan, in 2021.

His current research interests include the analysis
and design of high-speed modulator drivers for sili-
con photonics applications.

Shawn S. H. Hsu (Member, IEEE) was born in
Tainan, Taiwan. He received the B.S. degree from
National Tsing Hua University, Hsinchu, Taiwan,
in 1992, and the M.S. and Ph.D. degrees from the
University of Michigan, Ann Arbor, MI, USA, in
1997 and 2003, respectively.

In 2003, he joined the Electrical Engineer-
ing Department, National Tsing Hua University,
as an Assistant Professor. In August 2014, he was
appointed as a Distinguished Professor with National
Tsing Hua University. He is involved with the

design, fabrication, and the modeling of high-frequency transistors and inter-
connects. He is also interested in heterogeneous integration using system-in-

package and 3-D integrated circuit technology for high-speed wireless/optical

communications. He is currently a Professor with the Institute of Electronics
Engineering and the Electrical Engineering Department, National Tsing Hua
University. His current research interests include the design of monolithic
microwave integrated circuits (MMIC) and RF integrated circuits (RFICs)
using Si/IlI-V-based technologies.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on April 06,2023 at 03:47:08 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


