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ABSTRACT

Optical communication is essential in industrigblégations and the consumer market.
Active optical fiber has great potential to replacepper in short-distance wire line
communication. Current products and some researchsfon 100-Gb/s Ethernet. This is
achieved by 10 channels, with each operating aGlif3: In our group, we have started

building each block of a 25-Gb/s optical receivarriext generation Ethernet.

In this thesis, two major areas are covered. Fir&ElMOS photodetectors, including
the n+/p-substrate, n-well/p-substrate, and n-Wekp n-well/p-substrate photodiode and
PNP phototransistors and the Darlington pair, aresgnted. Currently, the common
photodetector is made of Ge, InGaAs or GaAs. AlfgioGe p-i-n photodiodes are proved
CMOS process compatible, the standard CMOS procgis cannot build these
photodetectors integrated with the circuits. Theasoeed responsivity of the CMOS
photodetectors is extracted and built into a mddelour circuit simulation. Secondly, a
limiting amplifier with high gain and large bandwhds presented. Bipolar transistors in IlI-V
compound technology used to be employed in higeagfrent ends due to their high mobility
and low noise, but they cost much power and areae@tly, advanced CMOS technology is
more attractive in terms of integration and powensumption. In this thesis, a CMOS
limiting amplifier based on the structure of thediiied Cherry-Hooper amplifier design is

presented in detail.

The CMOS photodetector and the limiting amplifiee &bricated in TSMC 65 nm CMOS
technology with =185 GHz. The n-well/p-substrate has the largestiwaith, 120 MHz,

and the Darlington pair has the highest respornysitit76 mA/W. Simulation results show

Xiv



that the CMOS photodiode is capable of achievidgl@b/s optical receiver. The measured
results of the 25-Gb/s optical receiver with offgciphotodiode indicate that the limiting

amplifier achieves a high gain and large bandwidith low power consumption 23 mW.

XV



Chapter 1 I ntroduction

CHAPTER 1

I ntroduction

In this chapter, background research, contribuéiod organization of the thesis are
given. First, applications and challenges of shange optical communication are discussed
in Section 1.1. The photodetector and limiting afigsl in the optical receiver, as major
contents of the thesis, are introduced in Secti@n Hinally, the organization of the thesis is

given in Section 1.3.

1.1 Applications of short-range optical communications

The rapid growth of global data communications hsas cloud computing and high-
definition video watching, brings challenges in teliferation of the scale of metro inter-
data centers, corresponding to inter links over fr@ers to tens of thousands of meters.
Major network providers have predicted that glodata center traffic will reach 7.7 zeta
bytes (trillion gigabytes) by the year 2017, a éifeld increase from 2012 to 2017, as shown

in Fig. 1.1.

=
S
>
S
Wl
2
=
o
£
[T}
]

2012 2013 2014 2015 2016 2017

Fig. 1. 1. Global data center IP traffic growthiresition by Cisco, 2012—-2017 [1.1].
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Chapter 1 I ntroduction

As the scale of data centers, as shown in Fig.idcBeases dramatically, a high-speed,
low-cost and power-efficient interconnects’ solatibecomes much more vital than ever
before for processing the huge amount of data. ddta rate requirement has reached the
bandwidth limit of conventional copper cables. Oati links are preferred for
telecommunication applications because fiber hagsrsdges over a copper wire in terms of
lower loss, crosstalk, electromagnetic interferefi?dl), better cooling and less weight [1.2].
Single-mode fibers and a 1550-nm wavelength laserce are widely deployed for long-haul
application, over 10 kilometers. In data centectiva optical cable (AOC), which is typically
used for connectivity up to tens of meters, usingtinmode fiber (MMF) as the transmission
path and a 850-nm vertical-cavity surface-emittiager (VCSEL) as the light source, are

being pursued by researchers and industry.

Fig. 1. 2.Google's server farm over 115,000 square feetadespn Council Bluffs, lowa.

In high speed communications, the IEEE P802.3baerk#t Standard has been
proposed as the standard for 100-Gb/s Ethernet GIE). The first generation of 100-GbE
opto-electronics (OE) is based on 10 x 10 Gb/stedat lane and optical lane architectures,
such as the SFP module in Fig. 1.3. For the naxtigéion 100 GbE, OE communication will
be achieved by 4 x 25 Gb/s lanes. In a high derdata center, the cost-effective MMF

-2-



Chapter 1 I ntroduction

technology and VCSEL are chosen at the interfadake advantage of the development of
advanced technology nodes. An example is shownign 4. In this thesis, the research

focused on the optical receiver is conducted.

Fig. 1. 3. 10-Gb/s Optical Transceiver MMF SFP frAmago.

| 256G

X3 il cDR : » D »! VCSEL
: | 25G

™2 ————»| CDR : » D »{ VCSEL >
i | 25G

™ i CDR ; » D » VCSEL >
: | 25G

O . p| CDR : » D »| VCSEL >

MTP
N.C. 7L 1x2
MMF

H i 25G
RX3 = ; CDR |fa— TIA |- PIN |

| 275G

RX2 «—— CDR TIA PIN |

A
A

| 25G

TIA PIN |

A

A

RX1 - - CDR

E 25G

RX0O «— | DR TIA PIN |«

A

A

CAUI-4 CPPI-4 100GE-SR4

Fig. 1. 4 Next generation 100-Gb/s high density data cerdeallel MMF optics [1.3].

1.2 Review of the CMOS photodetector and limiting amplifier

A typical optical receiver is shown in Fig. 1.5.éltransimpedance amplifier (TIA)
converts the small input photocurrent from the phietector (PD) into voltage. Next, a DC

offset cancellation (DOC) circuit is required talvee the DC offset and to convert the single-

-3-



Chapter 1 I ntroduction

end signal to differential. Before the equalizeiQjEcompensates for the loss in high
frequency from the PD, the main amplifier (MA) ireses the amplitude of the signal to
protect the TIA from the noise of the EQ, whileimiting amplifier (LA) is employed to

amplify the signal further to meet the input saasit requirement of the clock and data

recovery (CDR). Lastly, the CDR recovers the sigmal clock for the de-serializing.

Clock

Data

LA CDR DEMUX

Fig. 1. 5. Block diagram of an optical receivemir@nd for a 100GbE system.

In this work, the CMOS photodetector and limitingg@ifier in the optical receiver are

a major part of the discussion.

1.2.1 Review of the CM OS photodetector

Many publications in recent years have demonstrital CMOS photodetectors are
capable of multi-gigabyte optical communicationsneOreason for choosing the CMOS
photodetector in short-range optical communicatignshat silicon is able to absorb at a
wavelength of 850-nm, but not at 1550 nm. The otbason is that a fully integrated solution

can avoid bond-wired parasitics, IR drop and cdapace from ESD protection.

Sandage and Connelly [1.4] discussed six photeetiats’ configurations produced in
standard digital CMOS technology. The measured oresp comparison of the photo-
detectors revealed that a vertical photo-detedbspided less photonic power than a lateral
structure. Radovanovic et al. [1.5] firstly propdse 3-Gb/s monolithic optical receiver with

an n-well/p-substrate CMOS photodiode, which shotted a CMOS photodiode could be

-4 -



Chapter 1 I ntroduction

used in giga-byte optical communication. To furthmarease the operating speed of a CMOS
photodiode, many techniques are applied. Lee amkl [R&] used a slop-detection adaptive
equalizer and differential photodiode structuré’/J1o achieve an 8.5-Gb/s optical receiver.
Huang et al. [1.8] compared a strip and meshedadlyainodulated photodetector and biased
the PD in avalanche mode to gain a 6.9-GHz bantiwaita 10 Gb/s data rate. Lee and Choi
[1.9] proposed the smallest size CMOS avalanchetopletector (APD), enhancing the

bandwidth to 7.6 GHz.

1.2.2 Review of the limiting amplifier

A limiting amplifier is widely used in high speegmications. It was made up of
bipolar transistors [1.10] due to the high mobilis the { of the CMOS technology has

increased, the CMOS limiting amplifier has inteeglstnany researchers.

Gala and Razavi [1.11] presented a 10-Gb/s limitngplifier based on an active
feedback CMOS Cherry-Hooper amplifier under 1.8tNd@y. In [1.7], a limiting amplifier
with a negative capacitance and resistance was\athi Weiss et al. [1.12] proposed a
limiting amplifier with the feature of a digitallgrogrammable loading resistor to compensate

for the PVT variations in a data rate of 40 Gb/s.

1.3 Organization of thethesis

This thesis is organized as follows. In Chapter a,total of seven CMOS
photodetectors are described and characterized p&tfermances of the photodetector and
limiting amplifier are experimentally demonstratethe measured responsivity of the n-
well/Deep n-well/p-substrate photodiode is extrdc@d made into a model. In the spectra
simulation, it is shown that the optical systemhvatCMOS photodetector can reach 14 Gb/s.
In Chapter 3, firstly, the high speed performanaethe inverter amplifier, NMOS amplifier

and current mode logic (CML) are compared. Then adifred CMOS Cherry-Hooper

-5-



Chapter 1 I ntroduction

amplifier is designed, demonstrated and charaetriin Chapter 4, a limiting amplifier
design for the 25-Gb/s optical receiver is charamtd and discussed. The limiting amplifier
integrated with the other circuit blocks and offgciphotodiode is measured at a data rate of

25 Gb/s. Finally, conclusions and suggestionsuture work are given in Chapter 5.
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Chapter 2 I ntegrated CMOS Photodetecotors Characterization and Design

CHAPTER 2

Integrated CM OS Photodetecotor s

Characterization and Design

2.1 Introduction

Integrated optical receiver systems with data tgteéo 25 Gb/s are becoming more
attractive for short-range communication. The idtrction of optics enables a high density of
interconnection without resistive loss. Currentigtical communication with a wavelength of
1550 nm is not cost-efficient for shorter interceations between cabinets and chips. As the
850-nm VCSEL (vertical cavity surface emitting lesjeis of low-cost for fabrication [2.1]
and of high speed [2.2] for high performance conmguin data centers and large bandwidth
interconnects, a fiber channel with a serial data over 10 Gb/s at 850 nm is achievable. To
drive down the cost, given the low responsivityttid CMOS photodetector compared with
the other materials in Fig. 2.1, an integrated ptioide or phototransistor for the optical
receiver in a standard CMOS process is highly dbkar similar to the integration of a CMOS
wireless receiver. The avalanche photodetector (A3 been studied by many researchers
to realize high responsivity and high bandwidtt8][2[2.4] by providing the avalanche gain to
increase the gain bandwidth product in the avalanagion. However, the APD in the
avalanche region needs a high bias voltage, typicaler 10 V. Moreover, the dark DC
current in the avalanche mode may be very largecally around 1 mA, which contributes

extra power dissipation.
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This chapter investigates the configurations offedént vertical photodetectors’
structures in a 65-nm CMOS technology with normakhvoltages of 1.0 V and 3.0 V. In
Section 2.2, the relationships between the respityng$R), signal to noise ratio (SNR) and bit
error rate (BER) are analyzed. In Section 2.3, CM@®todiodes with different junction
widths and implants are discussed. The structurth@fn-well/p-substrate is demonstrated
carefully while the differential photodiode strustuo improve the high speed performance is
explained. Then, the equivalent model of the phiotiel is given for further simulation. In
Section 2.4, phototransistors and Darlington valpair transistors are also implemented for
higher responsivity. In Section 2.5, several issuethe fabrication are clarified. In Section
2.6, the measurement results and the simulatedtgesith the continuous equalizer are
shown and compared. Finally, a summary is giveBaation 2.7.

Short Distance
, Communication

| GaAs

| Ge
—Si

I

I

InP
—CATE
Cds
aSi

absorption coefficient (cm"1)

200 400 600 800 1000 1200 1400
wavelength (nm)

Fig. 2.1. Absorption coefficient data for differentiterials

2.2 Responsivity and SNR requirement

The responsivity R is defined as the ratio of thetp current dp generated from the

photodetector and the input optical powgy édupled from the fiber channel,

R- ' 2.1)
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The responsivity is one of the major parameters pbiotodetectors. Generally, the
responsivity is able to be increased by enlardgmagiltuminating surface area of the PD, but it
will introduce much capacitance, which limits thatal bandwidth of the receiver. The
responsivity determines the input photo curreptaind signal to noise ratio (SNR) for a given

bit error rate (BER). Further discussion about3hNR will be covered in Chapter 3.

In a broadband circuit, with fixed input power, tiogal noise can significantly impact
the detection of the data. It is important to deiee how much noise can be tolerated for a
given bit error rate (BER). Because the TIA conwertirrent into voltage in the optical
receiver, if the integrated noise is referred ®itiput of the TIA, it becomes the noise current.
The total noise currenglis the sum of the referred noise current fromréeeiver and the
shot noise current from the PD. As calculated itaitléen [2.5], the BER follows the error
function

BER:% erfg Lo

),
JISIZ+12

2.2)

where the I1Slrepresents the variance of the inter symbol iaterfce, which is related to the
bandwidth of the channel and can be minimized loper equalization and large bandwidth.

Therefore, the effect of the ISl is negligible. TBER in this design is given as

SNR= =2 2.3)

Noise

Typically, the SNR is required to be larger tham7have the BER below 8. Once the
bandwidth of the system is settled, the resporysofitthe photodetector is determined by the
SNR. In the following part, the ways to increase tbsponsivity (R) of the PD are discussed.

-11 -
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2.3 Responsivity analysis and structure of the CMOS photodiode

The photodiode in the structure is a PN junctiooddi which is illuminated by the
light. The incident photo energy (A penetrating into the silicon is absorbed. A drthe
photons larger than the energy band gap of therrahkig able to incur electron-hole pairs.

Due to the electrical field, the pairs are swepttowgenerate the photo current.

2.3.1 CMOS photodiode

Compared with the other materials’ photodetect@glOS PDs suffer from limited
responsivity and bandwidth due to their inherentitation [2.6] of low absorption rate at
wavelength 850 nm, as shown in Fig. 2.1. The spde8li photodiodes is limited by the
carrier transit time in the thick absorption layhre to the long absorption length in Si.
According to the Beer-Lambert law, the absorptiapttd is a random variable with a

probability density function (PDF) as below:

—x/d

Py (X) = (2.4)
where the variable x is the distance to the surtdade PD and d is the mean depth of the
variable (penetration coefficient) dependent on wavelength X) of the light and device
material. For example, @t =850 nm, the mean depth d of the major materials fer th
commercial PD, Ge, GaAs, and InGaAs, is below lbumthe d of silicon is 18m. And the
depth of the nwell in the standard CMOS processasind1.5[2.0 um and thedeep nwell is

around3[# pum, as shown in Fig 2.2. The width of the depletegion Wiep is given as

26, 1 KT N,
Wdep \/ (N_A WD)[V +_q| ( )] (25)
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? ? ?
+ n +

p

N A + 0
| |
| |
| |
| |

|
1
|

( deepn-well )

V| dmean=15 pm

p-substrate

Fig. 2.2. Simplified cross section view of deep hipesubstrate photodiode.

where thee is the silicon permittivity, g is the elementattyacge, M and N, are the doping
concentrations, and p/is the reverse manually-biased voltage. k, T, ancepresent the
Boltzmann’s constant, the absolute temperature thedintrinsic carrier concentration in

silicon respectively.

The doping concentrations are determined by thegso From (2.5), to maximize the
width of the depletion region, one needs to minenthe doping concentrations and to
maximize the reverse voltage over the junctiorthla CMOS process, p+, p-substrate, n+, n-
well, and deep n-well layers are available for i junctions for the photodetectors. The
lowest doping p-type material is the p-substrate, the lowest doping n-type material is the
deep n-well. In this design, the basic n-well/psitdte diode is selected for high speed

application [2.7].

The analytical model of a PD can be expressed aswshn Fig. 2.2 The total

bandwidth BW3q4g) can be expressed as
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1
BW., . = =
BBt ottt T R L2 f-2
nw © “psub © " dep R BW_int + BW_ ext

(2.6)

wheretn, thsub aNdtgep are the average time for the electrons to relaetstrface from the n-
well, p-substrate and depletion region respectjvalyd collectively, they determine the
intrinsic fgw int. The tre, representing thésw exs IS determined by the extrinsic junction
capacitance and loading resistance. Due to thedoambination rate and the short distance
to the contacts, the equivalent bandwidth of tleetebns in the n-well regiofaw wern is high.

In contrast, the electrons in the p-substrate haveavel a long distance to the substrate
contacts and, hence, have a higher recombinatitey w@hich means a low equivalent
bandwidthfsw sus On the other hand, the speed of the electrorthandepletion region is

higher than the p-substrate and n-well since a &igttric field exists, as shown below:

1:BW_sub< fBW_weII< fBW_dep. (2 . 7)

According to [2.8], thdgw wei ranges from 450 to 900 MHz. THgw sunis typically
about 3 to 5 MHz, which limits the overall bandvidThefgw qep determined by (2.8) is up

to several gigahertz:

0.4

fow_dep™ W (2.8)

whereW represents the space charge region thickness anthe speed of the electron. The

total current is expressed as

Itot:I n-well"'I p-sub"'I dep (2-9)
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By increasing thefsw in,. W should be decreased; however, a srivdlintroduces large
capacitance, reducing thiey ex. Therefore, there exists an optimihfor maximizing the
overall bandwidth. Based on [2.9], the effect & tlepletion region width is dominant and an
n-well/p-substrate is utilized to mak#' large. Besides thiswhen a PD is top-illuminated,

based on the Beer-Lambert’s Law, it is preferretheovertical to widen the depletion region

to maximize light absorption.

TYYYYYYYYYYYYYYYYYY

(@)

metal

P-substrata

(b)
Fig. 2.3. (a) Cross sectional view of the top-ilinated differential photodiode (b) layout top

and cross sectional view of the differential phatde.
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In addition to single-ended structures, differdngigatially-modulated photodetectors
(SMPD) [2.10] are also studied. Fig. 2.3 (a) shatsscross section. The deep n-well/p-
substrate junction is deeper than the n-well/p-satesjunction, so it can absorb more 850-nm
light as the absorption depth is about 15 pm betmsurface. One of the paths consisth,.of
sub In-wen @Ndlgepand the other side only consistslgf,, Then, a differential TIA is used to
remove thel,sun to achieve a large bandwidth. But the illuminatiarea is halved, as
illustrated in Fig. 2.3 (b). Photodiodes withouke tdeep n-well are also fabricated and

measured for comparison.

2.3.2 Photodetector equivalent model
To facilitate the PD integration with the advan€&dOS technology, a compact and
accurate photodetector model built of the resisteapacitors and inductors from the DC to

high frequency is highly needed for the circuit giation before fabrication, as shown in Fig.

2.4,

' [, AR OO
1l B
: ERELEEES Sttt

( deeplnwell )
6o % R
P-sub
(@)
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(b)
Fig. 2.4. (a) The schematic cross sectional view-ofell/deep n-well/p-substrate photodiode

(b) the equivalent photodiode model.

In this thesis, the equivalent circuit model is adified version of the model in [2.11]
for analysis, including the pad and bonding pai@asRy is formed by the n-well and p-
substrate. Ris the combination of the contact resistance farimg the i or p” material and
the series resistance of the bonding inductegsRs the resistance of the substrate to the
ground. G is the depletion capacitance at the reverse bidtage \kias, and G is the
capacitance of the anode and cathode, while thg S the capacitance of the bonding pad.
Rin and G, is the equivalent input impedance. During the PBasurement, the input
impedance is the equipment RF 50 ohm and in theapteceiver, it becomes the input
impedance of the transimpedance amplifier. ThedBermines the external bandwidth of the

photodiode.

24 CMOStransistor and Darlington pairs

The phototransistors that used to be applied inittege sensor are modified for
optical communication in this design [2.12]. As #mealysis shows, the differential structure

has a better bandwidth but sacrifices the currenplitude in a low frequency; the
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phototransistor and Darlington pair has a largspoesivity than the photodiode. Thus, if the
two points were combined, phototransistors in d#ifeial structures would have better high
frequency performance. Fig. 2.5 (a) shows the ear®NP transistor cross-section view. The
electrons generated by the photons are swept dheafpace charge region, forming the light
current |. Then, the generated holes will flow into the peybase, making it positive. The

BC junction is reverse biased and the BE junct®iforward biased. The collector receives

the light, while the emitter amplifies the currefhe relationship between &nd E is given

by

le=(1+H)IL, (2.10)

where thep is the transistor amplification coefficient. Altlgh the phototransistor can
amplify the received signal, IL is limited by thew transistor. To further enhance the
responsivity, a Darlington pair is employed to aolei extra current gain [2.13] as described

below

loutput= (1+81) (1+42)1L. (2.11)
Collector Emitter Coll§ctor
+ + +
p P p
n-well
Base

( deeb?—well )

p-substrate

(@)
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p-substrate
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Toutput
B2
I bi
%

(c)
Fig. 2.5. (a) The cross sectional view of the PNBtptransistor (b) cross sectional view of

the Darlington pair (c) the equivalent circuit bétDarlington pair.

2.5 Influence of technology scaling and reflection

There are two issues which need to be pointedForgt, unlike the circuit design, the
advanced process does not offer progress in the £NMotodetector performance. The
dielectric above the photodiode may cause refladbeses. For example, self-aligned-silicide
is laid at the surface to reduce the contact w@asist of the highly doped region @nd pg) but
it hampers light absorption [2.6]. In this desifme silicide blocker is built above the exposed
areas to receive light. Second, the advanced podess not bring improvement in the

performance of the PD [2.14]. According to the dation in (2.5), the increasing-doped
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material and lower supply voltage bring a negagiffect on the width of thdepletion region,
which decreases the depletion current and incraasediffusion current as well as the diode
capacitance. All the issues above bring challerigethe design of the following optical

receiver.

2.6 Experimental resultsand optical receiver simulation

Fig. 2.6 demonstrates the die photo of the sevenogetector test structures. The
differential PD consists of 6 fingers, each of whis 10x60um?. The distance between two
adjacent fingers is 1.pm. The phototransistor and Darlington pair’s ligateiving area is
24x24 ym?. The differential phototransistor and Darlingtoairp are also fabricated for

comparison.

Fig. 2.6. Die photo of single-ended (a) n-well/ppstwate photodiode (b) n-well with deep n-
well/p-substrate photodiode (c) PNP phototransigiprDarlington pair and differential (e)

photodiode (f) phototransistor (g) Darlington pair.

The testing setup is shown in Fig. 2.7. The inpgna is from the SDG Model 12050

programmable pattern generator Measurement undecrascope is also shown in Fig. 2.8.

The 850-nm light source is produced by the LighakPenodule from SAE (HK). A
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commercial multi-mode fiber (MMF) from Go4fiber \Wita diameter of 62.pm is employed

for illumination.

Pleosacond 12050 LeCroy SDALD0G

PRES Generator Sampling Oscilloscope
'-—] — — Electrical Wire =i
|J -~ . . . | === Fihar i
= 1 ] |
ﬂ':;:: ! Output
BUT Data
- - ¥ =
| 3
DE Power Supply for the diode blas voltage Meosecond 13020

Error Datector

Fig. 2.7. Testing setup diagram.

Fig. 2.8. Testing with RF probes and fiber underriicroscope.

The testing on the PD has two parts. One is therd3ponse measurement: scanning
the incident light power on the x axis and meaguthe photo currents of the PD on the y
axis. The slope of the curve is the average DComsipity. The other part is the frequency
response measurement: sweeping the frequency aasunmey the photo current. The seven
structures follow the same the measurement proesdbig. 2.9 shows the DC and frequency
response measurements for the SMPD, also knowniffesedtial photodiodes. The DC
responsivity of the SMPD is represented by thetlgghirent, which is the sum of the diffusion

current and drift current, while the dark currenthe diffusion current.
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Fig. 2.9. (a) DC and (b) frequency response measemes for SMPD biased at 1 V.

Fig. 2.10. Measured eye-diagram for a 30 MbA-12 PRBS pattern (vertical

25.00mV/div; horizontal scale 5.00ns/div)
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Table 2.1. Summary of Measured PD Performance.

@ | (b)| (©| (@ € O ()

Responsivity (R)
140 | 170| 635 1176 335 17]1 536

@1MHz(mA/W)
Normalized R |
. 40 | 48 | 207| 383 9.7 436 755

(RA/(Wxpm©))

Bandwidth (MHz) 6.4 7.1 10 15 124 2€ 16
Roll-off (dB/decade) 4.8 4.2 18 21.3 8.6 16 19
Dark current (pA) 4 27| 10001600 | N/A | N/A| N/A
Bias voltage (V) 1 1 3 3 1 3 3

Fig. 2.10 shows the measured eye diagram of therdiftial photodiode, which
achieves a bandwidth of 120 MHz with a PRB% Rtest pattern. The eye diagram can be
achieved at 30 Mb/s. If the data rate is highezreéhis no clear eye diagram. The reason for
this is that the input the signal is too small camsol with the inherent noise from the
equipment. In the integrated optical receiver, R is followed by a typical low noise TIA
and the signal at a higher rate will be much latban the noise, which will be shown in the
next chapters. Besides this, an octagonal PD waileha better responsivity while reducing the

capacitance.

Expressions
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Fig. 2.11. The simulation results of the opticateiger front-end with the differential

photodiode behavior model at 14 Gb/s, with and evittrequalizer.

Table 2.2. Performance Comparisarg50-nm)

x

R BW Roll-off CMOS | Date Rate for
(mA/W) | (MHz) (dB/decade)| Process receiver
[2.7] 20 N/A 4.7 0.18tm 10 Gpbs
[2.8] 30 2.5 5 65-nm N/A
[2.8] 340 0.15 9 65-nm N/A
[2.10] N/A 0.6 4.7 0.18:m 3 Gpbs
[2.15] N/A 348 N/A 0.13um 8.5 Gpbs
This
1176 16 21 65-nm N/A
work (d)
This 14 Gbps
33.5 120 8.6 65-nm _ _
work (e) (simulation)

At the circuit level, the continuous time linearuatizer (CTLE) is designed to
compensate for the high frequency loss of the CMiD8todetectors. A properly designed
equalizer can compensate for the loss from the tHilgh frequency, which can reach a data
rate over 10 Gb/s. To further study the photodisdeerformance at a high date rate, a
simulation based on the extracted model of theedfitial photodiode is carried out. The
whole system consists of the photodiode, the TIA #re equalizer. The performance at 14
Gbps random bit stream is shown in Fig. 2.11, inctvithe red curve is the output of the TIA
and the blue eye diagram curve is at the outpth@fequalizer. Table 2.2 compares the PD

performance with previously reported results.
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2.7 Summary

Integrated CMOS photodetectors for optical commation enables customized
optoelectronic communication, especially for highlwne applications. The deep n-well/p-
substrate PD performs better than the n-well/ptsatesPD. The phototransistor has a higher
DC responsivity, but a much lower bandwidth. A Pduigalent circuit model is critical for
designing the proper equalizer to compensate ®rPB’s limited bandwidth. According to
the simulation results, an optical system with gné¢ed photodiodes in standard CMOS
technology is achievable over 10Gbps 1e850-nm. Further work will focus on improving

the responsivity of the photodetector at high fesguy.
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CHAPTER 3
A High Speed Cherry Hooper Amplifier

with Broadband Technique

3.1 Introduction

The Cherry-Hooper (CH) amplifier [3.1] traditionaltonsisted of bipolar transistors
[3.2]. Recently, however, the CMOS Cherry-Hoopes h&en used in many applications,
such as the adjustable delay cell in decision faekilequalizers (DFE) [3.3] and the variable
gain amplifier (VGA) in 60-GHz direct-conversiorcevers [3.4]. In this chapter, a modified
CMOS CH amplifier with shunt peaking inductors ahgital-tuned resistors is demonstrated.
In Section 3.2, the performances of the invertéd$ common source amplifier and current
mode logic (CML) amplifier at high speed are disadé It also presents the reasons to
choose the CML topology in high speed circuits. A,heeveral bandwidth enhancement
techniques are shown in Section 3.3. Also in Sac8@, the Cherry Hooper amplifier is
explained in detail, and a small signal and noisalyais is given. A modified CMOS CH
amplifier is then shown for broadband operation.Section 3.4, a digital-tuned resistor
scheme is proposed for the CH amplifier's robustrafjon over the effects of the process,

voltage and temperature (PVT) variations. Lasyyramary is included in Section 3.5.

3.2 High speed perfor mance comparison

An inverter-based TIA is chosen in the optical reeedue to its low noise, low power
and high transimpedance gain. However, after thmlesiended input photocurrent is
converted into voltage, the inverter, in Fig. 3a}, (s not suited for high speed operation for

the following reasons [3.5]. Firstly, compared wille NMOS amplifier in Fig. 3.1 (b), the
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gate capacitance of the inverter is almost doubkbeeén working in amplification mode,
which is not efficient. Secondly, since it workshagh speed, the bonding wire effect at the
supply and ground should be taken into consideratiovo series of waveforms of eye-
diagrams are illustrated in Fig. 3.2 (a) (b) and {te left hand simulation has no bonding
wire and the right hand has a bonding induttpr 1.5 nH andRs = 2.5 Q connected to the
supply and ground, respectively. The NMOS amplifiermally performs better than the
inverter because the loading resistor degradeQtfactor of the bonding inductor, while the
current mode logic (CML) in Fig. 3.1 (c) almost has ripple. According to the simulation
results, a single-ended structure suffers more filoenVDD and GND bonding wire effect
compared to the CML. Hence, a CML-based ampliferpreferred for the high speed
operation topology. Consequently, a DOC is a nétyeafier the single-ended TIA for the

high speed optical receiver.

IN>—|:: VT N —]

(@ (b)
Fig. 3.1. (a) Inverter (b) NMOS amplifier (c) Cuntanode logic (CML).

A common-mode point is another design issue, egem differential structure. If the
common-mode point has some variance as a ressiippily noise, the bounce will deteriorate
the performance. Thus, a low-dropout (LDO) regulasorequired for supply stability [3.6].
Inevitably, the loading resistors in the CML mayraduce large offsets due to the process

and temperature variations. This problem and igtiems will be explained in Chapter 4.
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Fig. 3.2. Eye-diagram of (a) inverter wo and wi 8img effect (b) common source wo and wi
bonding effect (¢) CML wo and wi bonding effect.

3.3 Broad-band design techniques for high-speed amplifiers

Many design techniques are applied to achieve Ibaadi circuits, including inverse
scaling [3.7], shunt peaking and series peaking][3.-coil peaking [3.9], negative resistance
and capacitance bandwidth enhancement [3.10] apdsaive transformer-based amplifier
[3.11]. In this design, a shunt inductor is appliedroaden the bandwidth, as shown in Fig
3.3. The transfer function of the amplifier withusth peaking is given as

V(9 _ $RLGC+ st R
A9 P ERIGCSLer O ROL

(3.1)

where G is comprised of the loading capacitance from tlextnstage and the drain
capacitance, while Ris the equivalent resistancep & the summed capacitance of the
loading resistor and inductor. As a CML-based ddfeial amplifier is chosen, the differential

inductor is preferred to save area in this design.
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Fig. 3.3. Common source amplifier with shuntinglpeg inductor.

The peaking inductor value is determined accordmghe trade-off between the
bandwidth and the group delay variation. The indudtas no optimum value, as the
m=R’C/L is determined according to the trade-off befwtee bandwidth, maximum flatness
and group delay variation [3.12], as illustrated=ig 3.4. For a 21 data pattern at 25 Gbl/s,
the group delay below 200 MHz can be neglected.sThn inductor value of 1.1nH, with
group delay variation below 10ps, is chosen.

1
o O
a =
£-1 —=-L=16nH
° L=13nH
g -2 L=1.1nH
g 3 L=05nH \
o
s, \
-5
10’ 10° 10° 10" 10"
Frequency (Hz)
(a)
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N
1

N
(=]

Group delay (ps)
& &
N\

/

(62}

10° 10° 10” 10"
Frequency (Hz)
(b)

Fig. 3.4. The simulation results of (a) normaligeah frequency (b) group delay variation.

Besides the shunt peaking, the negative miller @ggrain Fig. 3.5 (b) is also utilized

to broaden the bandwidth. The negative miller cagaceC,, partially cancels th€yq of M
and M.
3.4 Modified Cherry-Hooper amplifier and noise analysis

Based on the CML structure, the CMOS Cherry-Hooaeplifier is chosen. A
conventional CMOS CH amplifier schematic and bld&gram are shown in Fig. 3.5 (a) and

Fig. 3.6 (a), respectively. The CH amplifier gamdéandwidth are as below

Gain= gy R O Igag (3.2)

W_ggg =9m2/ CglU I glag, (3.3)

which show that the gain and bandwidth can be &ljusdependently by increasing the tail
currents (#as1 and kasz) in Fig. 3.5 (a). Both @ and g,, can be improved to enlarge the
gain and BW. However, excessive bias current vaillse the output (point B) common-mode

voltage to be too low due to IR drop across Fhe CH gain can also be increased by using a
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larger R. Nevertheless, the maximum value feRd is limited by the required ¢ of M, and

The modified CMOS CH amplifier, as shown in Figh 8b), can alleviate the trade-
offs between the gain, bandwidth and headroom ditoit by splitting gas1 and kias2 into
two paths with the addition of RThe currents can be increased to enlargeamd g
without the sacrifice of common-mode voltage. Therent through Rand the difference
between dias1 and kias2, makes g small. Therefore, Rcan be set to a large value without
the limitation of the biasing condition of Mand M. Fig. 3.6 (b) shows the modified CH

amplifier's block diagram.

VDD

T VDD %‘

L4
L, AL
._\OIOUT R Ri
> R B I

R¢

AAA
vy

AAA
Vv
A
£
A
S
AA

Ry Ry

AAA

R' E: Vout
>

v e

Ipias2

Vin:-IE Ml H M3

¢ Ipias1 @ h
= GND

Nl

(a) (b)
Fig 3.5. Schematic of (a) the conventional CH afigsland (b) modified CH amplifier.

Vour

— Cp

(@)
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Vour

(b)

Fig. 3.6. Simplified block diagram of (a) the contienal CH amplifier and (b) the modified
CMOS CH amplifier.

From the simplified equivalent differential circunt Fig. 3.6 (b), the transfer function

is expressed as

A,

A9 = Sl (3.4)
where
gmng%(H ! }
Abz m2 " M | 35
1+2 R RR/R &9
R
_1RCA+RG+ RB( G+ @)/ R
== , (3.6)
2 [RCARG@+ g RB/ R)
1+32 % 49 RR/R
W, = f . (3.7)

’ RGRG

Ca and G are the summed capacitance of potndB.

(3]

Based on the maximally-flat Butterworth response, = , cell bandwidthf 3gg = wn,

-
-

/47% the GBW is expressed as
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_Om9%. 1 1 1
f = 1+ . .
A R CaCs fage 4r’ { Ore RJ (3 8)

As thefr = Gn1/272Cy1 = G/ 27C,, (7) can be written as

Ay fas_aw = L @+ 1Jﬁ. (3.9)

f-SdB_ BW g 2 R f

Zx and % are the equivalent impedances of points A anddn@ared with the

impedance at A and B of the common CML topologyand % are lower:

1 1. (9uR+DsG
Z,(9 O F;”SCA SG( R- R+1 (3.10)
1
1 1 1 O "R
=+ (G + —). 11
ZB(S) B R (SCB SCA R +& +1) (3 )

From this result, the GBW is increased beyond thgiral fr by fr(1+1/gnRy)/f.
3d8_sw times. The impedance of points A and B is reduocemicrease the bandwidth. [3.12]
uses active feedback to replace the passivevtitch achieves a small mismatch and parasitic
capacitance, but consumes more power and the hlwadsonot sufficient for a 1-V supply

voltage to achieve high gain and bandwidth in diesign.

Although the SNR of the receiver is mostly decidedthe TIA, the noise of the

limiting amplifier impacts the jitter. The model fig. 3.7 is built to gain the total input

equivalent noise:
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o Drain
Gate I:
| 2 | 2
ng nd
Fig. 3.7. Noise model of van der Ziel.
12 o =4KTy gy, 15, .= 4kTd g, (3.12)

where k is the Boltzmann constaptis the coefficient of the channel thermal noisd &ms

the coefficient of the gate noise. The gate naselated to the as follows:

_WfC;  WC
ng gm + gmb

9 ) (3.13)

where g is the drain conductance under zero bias andribst equals gtgmp in a short-
channel condition. To better understand the noistiloltions, all the mean-square noise
voltages are referred to the output first and tiientotal noise power is referred to the input.

The mean-square noise voltages qfavid M are derived as

Vni_Ml,Z = 2|:Vn20_d1+ Vnzo_ gl:| : (3.14)
2

Vno_ di =1 r210_ dlZ 2A(BZA) (315)
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Vn20 o= Ir210 YA \Go. (3.16)

In the same way, the mean-square noise voltagels ahd M, are also given:

V2 =12 22 (3.17)
Vn20 g3~ = I20 g3Z ZG?’-\, (318)

V2 =2|V2 ,+V2
no_M3,4 no_ d3 no_g3 (319)

whereZa, Zg andZy are the impedances at point A, B and the inBut.Gg andGop are the
gain from point A, B and the output to the inp@spectively. The noise contribution of the

resistors is also considered:

Vi r = 2><4kT{Z‘2‘ G +Z_2j (3.20)
R, R

whereRs andRg are the equivalent resistances of point A and B,

R. __R
TR B LR (3:21)

A =

The total noise is summed and referred to the input

Vni _output |:V§o N112+Vﬁo M3, 4+ Vio F;| (322)
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V 2
2 _ ' no_output

AVA——
no_ input ZLzA . (323)

From the equations (3.12) to (3.23), the noise lbanreduced by minimizing the
impedance of each point. In terms of the receiystesn, the noise of the CH amplifier is less

important than the gain and bandwidth.

3.5 Digital control variableresistors

Due to the fact that resistive loadings are usedviery stage, the offset caused by
process, voltage and temperature (PVT) variation fai&the circuit. To relieve this problem,
an approach is to apply a digital control schemadaptively adjust the loading resistors and
feedback resistors to keep the gain and bandwidtiles Moreover, as discussed in derivation
(3.1), since the shunt peaking is subject to theamee of the loading resistor and the
paralleled capacitance, the peaking level andgéat of the amplifier is able to be controlled
by the programmable resistor. Therefore, digitallpable resistors are applied in loading

resistors R which serves as fine tuning, and the feedbaadktoesR, which serves as course

tuning.
ST T T T T T T TR \
R ' B
R 'Y C— YW—>o
Sq Rs '
i Y
| S8
VDD Nl Tk ¢ | A
o~ V00— w—1Lo
Ro Ro I
\_ _ ________ /
(a)
|Bs I
|B Ra IRf
3 A
| >—RY |
| &2 |
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(b)

Fig. 3.8. (a) Fine tuning/and (b) coarse tuning:R

To maintain a large bandwidth sufficiently, the aeipance tolerance of points A and
B is around 10 fF. Thus, the size of the switchinsted and has to be set at the minimum
length. The higher the number of fingers is, thdewxithe tunable range achieved, even though
the capacitance will become larger. ThedRd R are the inner feedback resistance and
loading resistance in one path, as depicted in F.(b). Because the A and B voltages are
close to the VDD, the PMOS transistor is used fewdch. The designs of the fine and coarse
tuning switches are proposed in Fig. 3.8 (a) andT(be series resistance; troduces high
impedance at the gate and reduces the swatcheatitapre. Compared with the binary-
weighted switching [3.13] unit cell, the proposeditl switch saves the transistors and
reduce parasitic capacitances although the tunampe is sacrificed. The control bit

BsB4B3B.B; from 00000 to 11111 assigns 32 logic levels bgratg the control switchSo

So.
The fine and coarse tuning resistor values are shmmlow:
R,=145.7Q ,R,= R,= 154.& ,R= 1669 , (3.24)
R, =727.9Q AR= 130.7%2
Ryoo = R, =727.9Q
Ry = R, +AR=858.63Q (3.25)
(I
R,, = R+7AR=1643Q
The simulation and measurement results will be shiomthe next chapter.
3.6 Summary

This chapter reveals that the CML topology hasebgterformance than an inverter

cell for high speed amplification. The modified @yeHooper amplifier enlarges the GBW
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to extend the bandwidth. Besides this, the topolisgsuitable for a low supply voltage. A
programmable reconfiguration is proposed to relitve PVT sensitivity, which will be
explained in Chapter 4. Thus, the Cherry Hooperldierphas the potential to be one cell

stage for a wideband amplifier.
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CHAPTER 4

An Energy-efficient Programmable Limiting Amplifier

4.1 Introduction

High speed and low power optical communication eayst have become highly
attractive for short distance LANs due to the peodition of data in multimedia and data
center networks. A designed optical front-end nezeis shown in Fig. 4.1. A transimpedance
amplifier (TIA) converts the small photocurrent ficthe photo detector (PD) into voltage.
Next, a DC offset cancellation (DOC) Buffer circigtrequired to reduce the DC offset and to
convert the single-end signal to differential. Beféhe equalizer (EQ) compensates for the
loss in high frequency from the PD, the main angaliincreases the amplitude of the signal
but retains its linearity to protect the TIA frolmetnoise of the EQ. A limiting amplifier (LA)
is leveraged to amplify the signal further to miet input sensitivity requirement of the clock
and data recovery (CDR), and then the CDR recottegssignal and clock for further

DEMUX processing.

LA
Dummy PD R _|/ ~ Zaurtz::etl
T E E E' -E Clock >
v, SRS ST
@\ nnC S P pata :
PD} TIA DOC MA EQ PA CDR| DEMUX

Digital Control Word

VT Variation Control Logic

Fig. 4.1. Architecture of the optical receiver witigital control.
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Generally, a TIA is designed to have the minimumdweidth required for the highest
input data rate, while its gain is maximized to m@ss the noise from subsequent stages.
Unfortunately, the gain contributed by the TIA aas not sufficient to obtain a large output
swing to drive the CDR since the achievable unitiggndwidth is limited by the process in
use. Furthermore, when the EQ is enabled, it waidriice the DC gain for high frequency
equalization. As a result, an LA is indispensaldeptovide enough gain for the whole
receiver. At the same time, the bandwidth of thedb&uld not degrade the system bandwidth,
while its power efficiency is supposed to be mazmdi. This accommodates high gain, large
bandwidth and low group delay variation to achiavéarge enough swing for the correct
operation of the CDR and low inter-symbol interfeze (ISI) and the jitter for the low bit
error rate BER of the system. Besides this, theplyupoltage and temperature variation

effects on the LA are also critical for a robusé@ion of the high speed system.

In this chapter, a cascaded architecture with pftsecellation is introduced first.
Then, the main amplifier (MA) and post amplifierA)JPimplemented in the modified Cherry-
Hooper structure, which is described in detail ina@ter 3, are shown in Section 4.2. In
Section 4.3, the programmable gain control featirthe presented LA is also included to
relieve the temperature and process dependencyshawn in Fig. 4.1. Section 4.4
demonstrates the output buffer design to comperfsatéhe PCB trace loss. Section 4.5
summarizes the experimental results and comparem tiwvith published works, and

conclusions are given in Section 4.7.

4.2 Cascaded amplifier design and offset cancellation

The total integrated noise is proportional to tlaadwidth of the receiver. However,

limited bandwidth incurs the effect of ISI [4.1]hUs, the trade-off between ISI and noise is

- 44 -



Chapter 4 An Energy-efficient Programmable Limiting Amplifier

determined by the bandwidth. Moreover, the erra fanction of the ratio of the bandwidth

and data rate.

Ar E.L | LPF
i = Crr i
L I 2R
o o
Vin N Ot \'
o -,\ Buff o ouT

Fig. 4.2. Main amplifier and post amplifier arcluitiere.

The cascaded amplifier with offset feedback loogdapicted in Fig. 4.2. Because the
MA and PA share the same topology, the MA in tresign is treated as the first stage of the
limiting amplifier and the EQ’s effect is ignorearf simplicity analytically. The PA
emphasizes the large bandwidth and limiting fumctidhe first stage amplifier MA is
targeted to make the TIA immune from the noisehef EQ, acting as a low noise amplifier
(LNA) in the wireless system:
-1

NF
NF =1+ (NF,, ~1)+ —<2 =, (4.1)

A

where the NF represents the noise factor apg i& the gain of the main amplifier. The total
gain Aot and bandwidth BW; of the n-stages amplifier is given by

BW,, =42 -1BW, (4.2)
Au = A, (4.3)

where m/2 is the order of the amplifier, And BW are each cell’'s gain and bandwidth. The

gain bandwidth product for a single cell GBW derived as
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Fig. 4.3. Simulated results of the cascaded arepdifivith different stages.

GBW, = %sz%. (4.4)

Based on the system and data rate requirementpuvbell gain Ay =30 dB and
bandwidth BW, =22 GHz are needed. For the specifically required divegain and
bandwidth, a trade-off between the value of n, m @@ cell gain-bandwidth for each stage
exists, as Fig. 4.3 plots. In this design= 4 andn = 3 are selected. Therefore, one cell gain
Ao is 11 dB and cell bandwidth By¥ 29.4 GHz. The cell amplifier is made up of @ieerry
Hooper topology described in Chapter 3.

Y

Arll o ! LPF

Vosext+Voss E I FI JRe =.E

e — <,

(o, -

Vin | I \ Vour
14 O
Vosin*tVos1 Voseq Vosout
1 EQ A; A;

Fig. 4.4. Limiting amplifier and equalizer with e#t calculation estimation.
DC offset is another important issue since thedaifnom the off-chip photodetector is

single-ended, while the on-chip signal path isedtéhtial. Even with a DOC circuit following

- 46 -



Chapter 4 An Energy-efficient Programmable Limiting Amplifier

the front-end TIA, the input signal to the limitimgnplifier is not perfectly differential. Thus,
the LA is supposed to reject or suppress the ranwffset. Otherwise, the offset can cause
incorrect saturation at the LA output due to itsgéavoltage gain and limiting function.
Furthermore, the offset also enlarges the sigttakgi by shifting the common mode point of
the differential pairs in the LA. In general, angral distortion at the LA output will degrade

the decision threshold and accuracy of the CDRuitirc

There are two commonly-used ways to cancel thebfighe first one is AC coupling,
which is simple and effective, but its parasitip@atance reduces the bandwidth dramatically
and occupies a large area. The other way is a ée&dkancellation network, incorporating an
amplifier A= and a low pass filter (LPF), as demonstrated on Bi4. The feedback loop
eliminates the input-referred offset of the follogiblocks by adjusting the biasing current of
the input differential pair of the MA. Assuming th¥osi, is the offset from the DOC'’s
imperfect differential output and déex: iIs from the off-chip components,oY; is the offset

from each amplifier stage. The output offset vadt&gsou:is derived as below:

Vosout = (Vos +V03i) AA '%"'( VOSedA‘ =) \ ol A B Vgt
+VOSext+VO$ - (VOSex?" \% GQ '% '% % A EdA‘ F
=VOSOUD _VOSexA 6 '% AEQAF

, (4.5)

where A, A;, As, Ar and A are the corresponding flat gains of the main dfmeplipost two
amplifiers, feedback amplifiers and equalizepsyois the offset at the output point of the
LA without the offset cancellation loop, and as ttezivation in (4.5) shows, the DC offset

can be greatly reduced.
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Fig. 4.5. Limiting amplifier frequency response hwiffset cancellation.

As the feedback loop is utilized, the low cut-aiduencyf; of the high-pass filtan
Fig. 4.5 is introduced:

(_AAAAA L
© 2GR

: (4.6)

where G and R form the low pass filter (LPF) in the feedbackpoo

To prevent the deterioration of the data eye-ogemmthe presence of a long bit
sequence of consecutive “0’s” or “1's”, fc shoulel imade as low as possible. Typically, fc is
set at 3 kHz to make the VDD droop below 0.2 dBd025-Gb/s #-1 PRBS data pattern
[4.1]. An 8B/10B code can be applied in the dataalieviate the problem brought by

consecutive identical data.

However, the offset cancellation loop degradeddhefrequency gain and introduces
additional noise. Furthermore, a Idwscarifies the offset cancellation range [4.2].other
words, as the DC gain of the closed loop systetovigred, the offset cancellation range is
enhanced, but the input-referred noise is increaBed in turn scarifies the input sensitivity.
For example, withi; = 43.17 kHz and DC gain a832.4 dB, the input-referred integrated noise
Is 4.97 mV. But if the DC gain is increased by Btd -22.4 dB and.remains the same, the
input-referred integrated noise is reduced by aBdires, to 1.59 mV. At the same time, the

offset cancellation range is reduced, as showngn46 (a). For the case with lower DC gain,
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at-32.4 dB, the output offset is maintained at belom\s by the cancellation loop for input
offset up to 37 mV. However, for the offset loogwhigher DC gain, at22.4 dB, when the
input offset is over 35 mV, the output offset grawpidly. For input offset at or above 37 mV,
as marked by the dotted line in Fig. 4.6 (b), thépat offset becomes larger than the input
offset, which will lead to erroneous output. In clusion, if the DC gain is low enough, the
offset cancellation range becomes larger, butrthatireferred noise is worse and scarifies the
input sensitivity. Based on this trade-off,at15 kHz is chosen for the system. In this work,

an off-chip capacitor €and on-chip Rare adopted to minimize tligfor the low pass filter
in Fig. 4.4.

Moreover, a lowef, means a longer amplifier's settling time, whichaikey feature

for the MUX, where the receiver is switched betwemnlti-channels in burst mode
application [4.3].
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Fig. 4.6. (a) Input equivalent noise (b) offset@atation range.

4.3 PVT variation and digital control recovery

Due to the resistive loadings in use in every stdge offset caused by the PVT
variation may fail the circuit. From10°C to 70°C, the resistance is varied#h$%. The
simulated gain and bandwidth variations under tiffi€ process corners and temperatures are

shown in Fig. 4.7.

W— H 30
40 ___D_,__,_;,:5_=9—_!:|_§l:-i:ﬁ:a:3: S.mgngroso..
25
35 “‘——-A-%.‘_‘__ "'“‘*"1:5 . 1
_— bl B e = =Awg N
%30 &"'&fl?& —E|+FF BW 205
= i ; 2 TT BW
8 25 —l-—FFjGam o
: —a-$5_Gain
20 [ ---.M.'rr Gt {10
\“‘“-o-a a=n-w—ﬁ: -O- ~3—0-C-O
15La- ——o-0b—- P—n--g-a 5
Q 20 40 60

Temperature (°C)
Fig. 4.7. Simulated temperature and process vanaifect on the limiting amplifier.

The gain and bandwidth are susceptible to the pead temperature change. The
solid line represents the simulated gain, while ttashed line represents the simulated
bandwidth. As the simulation results demonstrdte,tA’s performance is very sensitive to
the process variation. The effect on the bandwadthised by the temperature variation can
contribute to large jitters for the whole systeno. rfElieve the PVT sensitivity, an automatic
constant gain bias circuit regulates the curreat@to control the swing [4.4]. However, this
costs much power consumption and area. Anotheroappris to apply a digital control
scheme to adaptively adjust the loading resistndsfaedback resistors to keep the gain and
bandwidth stable. Moreover,

a tunable amplifier dsolfor the different off-chip PDs’

responsivity and bandwidth.
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Fig. 4.8. Gain and bandwidth with different contnairds.

To provide a precise gain and bandwidth for thetesys a programmable gain
amplifier (PGA) is designed with a flat gain tunirepget 5 dB and gain step below0.8 dB.
The simulation results show that the variable rangeers the 7.6 dB where control bit
BsB4B3B.B; from 00000 to 11111 assigns 32 logic levels bgratg the control switchSo
Ss. The minimum gap between two adjacent controlibiteelow 0.8 dB, as shown in Fig. 4.8.

The bandwidth is over 22 GHz with all control bits.

35
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£ 20 ‘ o
T —e—10100_70°C
O] ‘ o
o 15 — 10000_70°C
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Frequency (Hz)

Fig. 4.9. Measured gain tuning range with differeonitrol words at 27 °C and 70°C.

To prove the functionality of the digital tuning,samulation results under different

temperatures are shown in Fig 4.9. All the resigtdues are obtained under a TT corner at
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27°C. If the temperature is set to 70°C, the badifwand gain are recovered by digital

control.

4.4 Output buffer design

The schematic of the output buffer design is shawfig. 4.10. The output buffer
accommodates the requirements to drive a one iQdh tPace. The PCB trace will introduce
around a 3-dB loss at the Nyquist frequency. Theegfan equalizer is built in to compensate
for the loss. The signal after the LA becomes gdaignal and the requirement for the output
buffer is to not degrade the speed of the signdltardrive the PCB trace with the equipment
at 50 ohm. The output buffer consists of one busfage for the LA’s loading and a second
stage with a large current to drive the PCB trd®esides this, the built-in equalizer and

tunable resistor compensate for the PVT variattonmaintain a broadband 50-ohm matching.

vDD
T
vDD
R1 E:
i
Vin+ Vin—
°—||: M, GD c GD M. j|_°
1l lewsz |

@ Igiast

Fig. 4.10. Output buffer schematic.

The input at the buffer is not a small signal argren so the analysis should follow the

large signal design. The maximum single-ended dugplmited to the drop voltage on the

resistor:

szing =1 BIAQRZ- (47)
The minimum input of the operation at saturationdmdas the transistor fully

switched and the swing is derived as
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v, = / Z'BIAS\;V . (4.8)
CcC —
l'ln ox L

At this point, the equivalent small signal gargiven as

= / W
A= Hy CoxT lene (4-9)

(4.10)

To minimize the time constamtand maintain a large swing, theg,¥Yis supposed to be
large, while the transistor size remains small,clvhineans the differential pair needs a high
transistor current density. For example, to make she transistors are fully switched, the
output swing should be larger than the minimum tnptnich means Ais above 2. If the R
Is increased by a factor of X, while thgak, remains unchanged, the W of the transistor is
decreased by %Xand still remains fully switched. Subsequentlye thading capacitance is
decreased by X, and the speed of the circuit iseased. Thus, the current density of the
transistor is to be set as high as possible, basethe bias condition. The sizes of the

components in the output buffer are characterinehble 4.1.

Table 4.1. Parameters of the output buffer

M2 24 um/60 nm
M3 4 36 um/60 nm

Vob 1.2V

IBIAS1 10 mA

IBiAS2 10 mA
R, 85 ohm

The simulated eye-diagram with different input siglevels is shown in Fig. 4.11.
With different inputs, the output swings remain a#nthe same, a single-ended output
around 500 mY,, which shows that the signal is limited at theféufoutput. The jitter
becomes better with increasing input amplitude.o®a hand, the signal to noise ratio (SNR)

becomes better, and as discussed above, a larggl&igBr than 7) indicates a better BER.
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On the other hand, as the degree of the limitinmgseased, the high and low level of the

signal droop is improved.

Voltage (V)

Voltage (V)

Voltage (V)

Time(ps)

(©)

Fig. 4.11. Post layout simulation with input (a) 1&/,, (b) 36 mVj, () 100 m\j, with 25

Gb/s 2°-1 PRBS.
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4.5 M easur ement results of the limiting amplifier

lesndlemuaag

= 0 0 00IRE
[ ] iMai 1 PA N
. A 1

L) odamm | 0zgmm |

Fig. 4.12. LA’s microphotograph.
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Fig. 4.13. Receiver's measurement testing setup.

The limiting amplifier is tested with the PD, TIA@ EQ in both electrical and optical
measurement. Implemented in 65-nm CMOS, the LA piesuabout 0.12 mmas shown in
Fig. 4.12. In this design, the RC low pass filtemprises the on-chip 1M-ohmgRnd off-
chip 68-nF G, Fig. 4.13 shows the overall measurement setupoptieal signal is generated
by an 850-nm laser source with Mach-Zehnder moduland it is focused by a lensed fiber
for top illumination on the PD, which is wire-borttléo the TIA input on a chip-on-board
module. The trans-impedance gain of the systemmnied by programmable control words, as
shown in Fig. 4.14. The measured tunable rang®.8 dB, larger than the simulated results
due to the process variation of the resistor, wtiike maximum gap is below 1 dB, which is
close to the simulation results. The curve in Bid5 shows the measured BER as a function

of the light input power at 25 Gb/s. The sensigivit a BER of 102 is around-7.3 dBm. The
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resulting bathtub curve at 25 Gb/s is shown in&s, which is verified with a'2-1 input

pattern.
50
40
m
S 30
c e
£ —-00000
& 20 —- 00111
—10110
10 —- 11000
0 —-11111
10"  10° ° 10° 10"
Frequency (Hz)
Fig. 4.14. The frequency response with the prograbiencontrol bit.
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Fig. 4.15. BER performance of the Rx with differergut powers.
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Fig. 4.16. The bathtub curve of the output at 2%Gb-1 PRBS data pattern.
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Control Bit: 11100 (default) at 30 Gb/s

Control Bit: 11100 (default) at 25 Gb/s

(@ (b)

Fig. 4.18. Compensation for supply variation undgs = 0.9 V.

optimal) at

25 Gbls

Fig. 4.19. Compensation for temperature variattoB08C.

The LA is tested both on a wafer-probing for elieedrmeasurement and a board for
optical measurement. Fig. 4.17 shows the receive€asured eye-diagrams under a 30-Gb/s
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electrical and 25-Gb/s optical test witt21 PRBS input. The measured electrical and optical

RMS jitters are 1.52 ps and 2.45 ps, respectively.

Table 4.2. Summary of the digital tuning schemectanpensating for VT variations.

Meas. Data Ey |Fig. 4.17(b) Fig. 4.18(a)| Fig. 4.18(b) Fig. 4.19(a) Fig. 4.19(b)
Control bit 11100 11100 11111 11100 11001
(Default) | (Default) | (Optimal) | (Default) | (Optimal)
Vop Supply (V) 1 0.9 0.9 1 1
Temp. (°C) 27 27 27 80 80
SNR (Linear) 115 6.17 8.56 8.9 10
RMS Jitter (ps 2.45 3.36 3.00 2.58 2.18
Output (mV) 278 277 310 345 337

When the supply voltage drops from 1.0 V to 0.2h& RMS jitter is degraded from
2.45 to 3.36 ps (37%), with the default controtiegt11100. By changing the control word to
11111, the measured RMS jitter is improved to ams the degradation is reduced from 37%
to 22%, as shown in Fig. 4.18. Fig. 4.19 shows #h&0°C, the data eye SNR and RMS jitter
can be improved by 12% and 16%, respectively, Wighoptimal digital control (11001). To
maintain a BER below I, the SNR needs to be above 6.8 (or 8.3 dB) baseduo
measurements. Fig. 12 plots the measured SNR veigited control words, with the markers
showing the settings that can meet this requirenierg observed that the optimal setting at
27°C under 1-V Yp is 11101, which is close to the default setting.88°C, the optimal
setting is 11001.

|| |—A—SNRat8OT

—s—SNRat27C s
10— b e A s AL

SNR
00}
o
Py
A
<

0 5 10 15 20 25 30 35
Digital Word

Fig. 4.20. Measured SNR versus digital controlirsgstfrom 00000 (0) to 11111 (31) at 27°C
and 80°C under 1-V pb.
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Table 4.2 summarizes the function of the progranmtenabnfiguration under different
temperatures and supply voltages. The programmabifidigital tuning improves the system
performance in terms of jitter and SNR. If the dypmltage and temperature can be detected,
the corresponding digital word will be assignedtih@ LA to achieve the optimal point
manually, as demonstrated in Fig. 4.1. Table 4r8rsarizes the measured performances of

the LA and compares them to other works.

Table 4.3. Comparison of recently published LAs.

Bit Rate Gain BW Supply | Power | Area
Ref. | Process 2
(Gb/s) (dB) (GHz) V) (mW) | (mm")
0.25um
[4.5] _ 40 53 dB2 26 2.5 8.2 0.75
BICMOS
65nm 22.6 24.3
[4.6] 28 _ _ 1.0 38.4 NA
CMOS (simulated)| (simulated)
90nm
[4.7] NA 19 44 1.0 57 0.02
CMOS
0.13pum
[4.8] 35 38 26.2 15 125 0.65
CMOS
65nm
[4.9] 40 31.5 NA 1.2 44 NA
CMOS
90nm
[4.10] 40 20 NA 1.0 80 0.033
CMOS
This 65nm
30 31.3 22.07 1.0 24.3 0.12
work | CMOS
4.6 Summary
A power-efficient high-speed limiting amplifier igpresented. With digital

programmability, the LA is able compensate for geformance degradation due to PVT

variations. Compared with previous results, thes@néed LA achieves high speed and gain at
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relatively low power consumption, which makes itale for integration in low-power high-

speed optical receivers.

From the simulation and measurement results, Ezptadn in the NRZ modulation is

a feasible technique to meet the need for highdspegal links without complicated coding,

modulation schemes and error correction.
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CHAPTER S

Conclusions and Future Work

Integrated optical receiver systems with data rageso 25 Gb/s are becoming more
attractive for short-range communication. In thiedis, the primary goal is to implement a
high-speed, power-efficient and robust limiting difrgr in a 25 Gb/s optical receiver for

100GbE communication.

First, CMOS photodetectors (PDs) are characteraretl analyzed. Totally, there are
seven types of photodetectors designed and verified differential deep nwell/p-substrate
photodiode has a bandwidth of 120 MHz and respdagysa¥ 0.04 A/W. Although the CMOS
PDs suffer from low responsivity and narrow bandtvidhe simulation results show that, by
proper equalization in the receiver, they can achee 14 Gb/s data communication rate. The
complete integration of the CMOS PD and receivevesathe cost and the parasitic

capacitance and inductance from the bonding inducto

Second, a modified Cherry Hooper amplifier, whidle\aates the headroom issue, is
designed for the cell of the limiting amplifier ithe optical receiver. Shunting peaking
inductors and negative capacitance are also engbloyeghe amplifier. According to the

simulation results, the CH amplifier is suitable fogh speed operation under low voltage

supply.
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Finally, PVT variations affect an LA’s robust higpeed operation, and the gain and
bandwidth are subject to the PVT variations. Toroeme this problem, with low power
consumption, a digital tuning scheme is proposeccdmpensate for these effects. The
measurement results show that the LA has an adyantapower consumption and robust

operation over the voltage and temperature vanatio a 25 Gb/s optical receiver system.

It is worth pointing out that inthe measurements itound that the bonding inductors,
especially the bonding inductor from the off-chipopodetector to the input pad, have a
negative effect on the performance of the high dpéeuits. To overcome the variance of the
bonding inductor, the receiver has to sacrificdgrarance. Thus, in the future, if the bonding
technique could be improved, which means that ateusnd small bonding wire is offered,

the overall design would improve. Otherwise, fliggcmounting would be a better choice.

The future work of this thesis can be divided itlioee parts. The first part is the
further improvement of the power efficiency of ttexeiver by operating at a lower supply
voltage. The second is that the DFE and FFE wilinoglemented and compared with the
continuous linear equalizer. And the final parthiat the CDR and DEMUX will be integrated

with the front-end receiver operated at 25 Gb/gt@n even higher data rate.
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