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Abstract

The thesis presents two Ssolutions of the monoétly-integrated high-speed optical
receivers in standard 0.}8a° CMOS technology. The optical receivers are cagpaiil
delivering 800 mY, to 50Q output load after optical to.electrical conversion

For the first one, it integrates a spatially matked light (SML) detector, a transimpedance
amplifier (TIA), and a post limiting amplifier on single chip. A 3.125 Gbps high speed
operation is achieved by utilizing SML detector authptive analog equalizer (EQ). The total
power dissipation is 175 mW, and the chip size 7smonf.

For the other, it also includes a photodete@or,|A, and a post limiting amplifier on a
single chip. A novel PIN detector is proposed addpaed in this design without technology
modification. It can operate up to 2.5 Gbps withautequalizer. The total power dissipation is

138 mW, and the chip size is 0.53 fam
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Chapter 1

| ntroduction

The growing demand on breadband Internet acassnotivated development of low-cost,
high-sensitivity optical receivers “with high-speesberation. Optical receiver with
monolithically-integrated photodetector has drawemiendous research efforts recently. In
contrast to conventional multi-die solutions, whmdmposed of photodetector implemented
in more expensive GaAs or InP-InGaAs technologg, filily integrated optical receiver is
much more cost effective. Besides, the issuesafsga capacitance introduced by ESD pads
and leading inductance for multi-die integration t& avoided.

The fully-integrated optical receiver front-engeesented in this thesis are designed in
standard 0.18m digital CMOS technology. The reason for chooslegp-sub-micron CMOS
technology is the possibility to easily integratsignal-processing part. The signal does not
leave the chip after the optics received by phdexder in the receiver front-end. Therefore,

output driver and output impedance matching aredav system-on-a-chip (SoC).



1.1 Motivation

Over the past several decades, complementaryl mdtie silicon (CMOS) technologies
have the advantage that they are developed mucé rapidly on the market than the other
technologies, such as bipolar and BICMOS. Thusgplaipand BiCMOS technologies are
more expensive than CMOS process of the same steusize.

Besides, the optical communication systems opeaat&avelengths near 850 nm is of
interest due to the wide availability of laser sms. Therefore it is obviously that CMOS is
suitable for optical interconnection owing to thdvantages of high-density and low-cost.
They can be used in short distance and high volemnemunication systems, such as optical

storage system, local area network and back pleeeconnect.

Optical Pickup Unit

Data on an optical disc is physically containedoits which are precisely arranged on a
spiral track. Figure 1-1 illustrates the light begemerated by the laser diode, passing through
a diffraction grating, directed by polarization beaplitter and mirror. Finally, the light passes
through the objective lens. When a light beam efil land interval between two pits, the
light is almost totally reflected. On the other darwhen it strikes a pit, destructive
interference occurs and a lower light intensityeisirned.

The reflected light passes through the objeciees, then directed by mirror and
polarization beam splitter. Finally, it will projeonto the photodetectors array in receiver IC.
If higher light intensity is received, then phottetdor generates larger photocurrent, and vice
versa. Thus, data one or data zero can be intetpret

The use of blue laser provides a dramatic inereas storage capacity. Therefore,
monolithically-integrated optical receivers withghispeed operation are suitable for the

next-generation optical stage systems.



Objective Lens ‘

Receiver IC with /

Photodetectors Array

Mirror
Polarizing Beam Splitter

Diffraction Grating

Laser Diode

Figure 1-1 Simplified optical pickup organization.
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Figure 1-2 The scenario of tera-scale computing.

Tera-Scale Computing

Figure 1-2 illustrates a scenario of tera-scalmuting projected by Intel. A multi-cores
platform has become a main stream to realize arggredficient computing system in the
future. Meanwhile, more and more channel bandwadéhdemanded to sustain the heavy data
traffic between the multi-cores in the enormous potimg system. In such a data intensive
platform, high density electrical interconnects msyffer from severe cross talk and
electro-magnetic interference. On the contraryjcaplink can alleviate these difficulties in

system integration while they provide more datadwadth.
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In order to achieve this data rate of tera-bit pecond, it is a nice solution by using
multi-channel optical communication owing to itsdecrosstalk and EMI effect. In addition,
small form factor and low cost optical transceigeuld be the enabling technologies to fulfill

the bandwidth requirement and realize the teraesoainputing platform.

1.2 Thesis Organization

This thesis consists of seven chapters. The fird i the introductory chapter where
motivation is given. The goal is to design a mahateally optical receiver in standard CMOS
process, and bit-rates up to a fewer Gbps. Thigeaement can minimize the total cost of the
optical system.

Chapter 2 describes the CMOS photodetectors divgju PN junction photodetectors,
spatially modulated light detectors and a novel Eector. Also, the specifications and
challenges of the all-silicon optical receiver digcussed in this chapter.

Chapter 3 introduces trans-impedance amplifidAYTFirst, | will point out the design
issues. Then the pre-amplifiers and TIA topologus be described and compared. Besides,
the noise analysis and circuit implementation keoduced one by one. At last, simulation
results will be showed.

Chapter 4 introduces limiting amplifier (LA). Aritecture will be described first. Then,
stage number decision is analyzed. Offset canmgilaCherry-Hooper circuit. At last, the
LA's simulated results will be showed.

Chapter 5 introduces the adaptive equalizer amgub buffer.

Chapter 6 introduces the two OEICs which areizedl by using the 0.18m standard
CMOS technology. The measured results will alsstmmved in this chapter.

In chapter 7, final conclusion of the whole desiggiven.



Chapter 2

All-Silicon Optical Recelver

Typically, the speed enhaneement techniqueseophiotodetector can be classified into two
categories. One approach is to get ridof the slaliffusive carriers to achieve a high speed
operation [1]-[5], and the other approach is to pensate the frequency response of the
photodetector by utilizing equalizer [6]. From taotogy aspect, the former approach can be
achieved by using a buried oxide layer [4] or S8l process, but it requires nonstandard
CMOS technology and additional cost. An alternatagoroach is by employing spatial
modulated light (SML) detector [1]-[2].

In this chapter, we will first discuss the PD&ated general characteristics. Following
section 2.1, the conventional PN junction photocters will be introduced in section 2.2.
Owing to the shortcomings, such as low bandwidttd kExw responsivity, of PN junction
photodetectors, then the high-speed spatially-nadddllight (SML) detector is described in
section 2.3. And section 2.4.introduces a nover#&tPIN. At last, the fully CMOS optical

architecture will be introduced and system spedatifons will be listed.
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2.1 General Characteristics

To design a CMOS photodetectors, what to do firsbiunderstand the silicon characteristics.
This section introduces the basics such as thrésivalvelength, absorption coefficient,

reflectivity, quantum efficiency and responsivity.

Threshold Wavelength (A,)
The energy of a photo B = hv whereh is the Plank’s constant, abo@ 625« 10** J-s or

4.135¢< 10" eV-s, and’ is the frequency of the photo. It is given by

—E:E:1_24 -
A=C =T E(,um) (2-1)

whereE is the photo energy in eV agdsithe speed of light, abol8x10 m/s.

The creation of electron-hole pairs requires heton energy to be at least equal to the
bandgap energl, of the semiconductor material to excite an electoym the valance band
to the conduction band. The threshold wavelengthtife upper cut-off wavelength)q is

therefore determined Iy or,

A, :1,'5—24 (4m) (2-2)

g

Table 2-1 [7] lists some typical bandgap energasl the corresponding threshold
wavelengths of various photodiode semiconductorenas. It is clear that Si photodiodes

cannot be used in optical communications at ju8land 1.55m.

Table 2-1 Bandgap energy and threshold wavelength for PD naéte

Materials Ey (eV) @ 300K Ag (MmM) @ 300K
GaAs 1.43 0.87
InP 1.35 0.91
Si 1.12 1.11
INo.53Gap.47AS 0.75 1.65
Ge 0.66 1.87




Absorption Coefficient (a)

Incident photos with wavelength shorter thépnbecome absorbed as they travel in the
semiconductor and the light density, which is prtipaal to the number of photos, decays
exponentially with distance into the semiconducidre light intensityP at a distance from

the semiconductor surface is given by

P(x) = R &xp(-a X (2-3)
where P, is the intensity of the incident radiation ands the absorption coefficient that
depends on the photo energy or wavelengtAbsorption coefficient is a material property.
For example, for Sig can be approximated with the following formula [8]:

log,,a =13.213% 36.7985+ 48.1893- 22.556. (2-4)

whereA. is the wavelength of the input light signdl.is given inum whereasx is given in
cm’. Most of the photo absorption (63%) occurs. ovefistance I and 14 is called the
penetration length. For Si,o = 793.65 cnt andd = 12.6um.

Figure 2-1 [7] shows: versusA characteristic of various semiconductors wheresit i

apparent that the behavior®fvith the wavelengtil depends on the semiconductor material.

1,000 E T T T T T T T T T T T T T

100 £,

—_
(@]

01 k"

Absorption coefficient (umq)

0.01 |

0.001 [ I.\ L 1 L ] .V 1 L 1 L 1 L 1 :
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Wavelength (um)

Figure 2-1 Absorption coefficient of several photodiode matksriversus wavelength.
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Reflectivity (r)

A fraction of incident optical power is reflectetlie to the difference in the index of
refraction between the surroundings (air: 1.0) and the semiconductny (Si: 3.5). For a
standard CMOS technology, the dielectric layersvabthe active region of photodetector
comprise inter-layer dielectric, inter-metal didtec (SiO;: ns, ~ 1.45), and optional
passivation layers (4. nsn ~ 2.0), Using the impedance-transformation apgrda¢, the

effective impedance;, and the reflectivityy, of the photodiode can be expressed as:

ng coskd )+ iCh, sinkd)
n, coskd )+ iCh, sinkd) (2-5)

2
Z —1
Z+1,

wherenp, ng;, andn, denotes the intrinsic Impedance of the dieledayers, silicon substrate,

(2-6)

and air, respectivel)k andd indicates the wavenumber.and thickness of thectiet layers,

respectively. With 850-nm light, the simulation ukts reveal that the reflectivity is around
0.13 and 0.05 for the device with and without pzssin layer, respectively. Therefore, the
reflectivity can be improved by removing the paaion layer above the active region of the
photodetectors. Figure 2-2 illustrates that théeotivity with passivation layer is 2.6 times

less than that with passivation layer in standat®&Qm CMOS process technology.

Pi Pin
* 0.13 P,',, T 0-05 Pin

PASS

Sio; SiO;
4 N A
T 1 T T

(a) (b)

Figure 2-2 The reflectivity with and without passivation irastlard CMOS process.
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Quantum Efficiency (n)

The quantum efficiency is defined as the averagaber of generated electron-hole pairs
per incident photo. In the shallow CMOS technolaing optical light penetrates deeper into
ilicon and some of the photogenerated carriers pgllrecombined and reduce the quantum

efficiency. Typically, the value of quantum effioigy in a CMOS is about 40 % to 70 %.

Responsivity (R)
For the development of optical receiver circuitsis interesting to know how large the
photocurrent is for a specific power of the incidéight with a certain wavelength. The

responsivity R is a useful quantity for such a s

R= IPPD " heihl 1243 YA (2-7)

opt

whereA, is inum. The responsivity is defined as.the photocurtgntivided by the incident
optical power Py, R depends on the wavelength, therefore the wavéiehgs to be
mentioned if a responsivity value is given.

The dashed line in Figure 2-3 [7] represents reximum responsivity of an ideal
photodetector with h = 1 % or 100 %. Unfortunatéhe quantum efficiency is reduced by the

partial recombination of photogenerated carriers.

15—
[ n=100 % —x
3 1.2} 4
< | InGaAs/InP
> 09} o
E
2
g !
C 06 -
=%
w 3
']
o L
0.3} i -
0.0 L= " 4 .
0 500 1000 1500 2000

Wavelength (nm)

Figure 2-3 Responsivities of photodetectors as a function afelength.
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2.2 PN Junction Photodetectors

The simplest way to build integrated photodetectsrto use the PN junctions available in
standard CMOS technology. Figure 2-4 shows thec&pPN diodes in the triple-well
(including N-well, P-well and deep N-well (or DNWOMOS process technology. The PN
junctions ofD1, D,, D3 andD, are N-well/P-substrate, N-well, N*/P-well and P-well/DNW,
respectively. The depletion regions of the PN ptietectors are shallow because they are less
than 5um deep from the semiconductor surface.

When a photodetector is illuminated with an adeguight, its depletion region generates
fast drift current whereas the neutral P-region BRegion generate slow diffusion current.
Unfortunately, the shallow CMOS process technologyse a problem which originates from
the long absorption length (about 12u8) of silicon at.850-nm wavelength for high-speed
applications. There is the percentage of 63% afd 8Bthe photon absorption occurs over a
distance of 12.eam and 5um from the semiconductor surface, respectivelyadye portion

of carries are photogenerated within the P-sulestmatl move in all directions by diffusion.

N-well ; Ez
N-well
o

((
)
((
)
((
)

P-sub P-sub
3 =
P-well P-well
v,
DNW DNW
T P-sub T T P-sub T

Figure 2-4 PN diodes in the generic CMOS technology.
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Thus, for photodetectd;, most of the photocurrent is the slow diffusiomreat which is
generated by the P-substrate, thus the high -3afBlwidth ofD; is quite low. AlthougiD,
and D3 have higher bandwidth because of isolating ther #fesubstrate diffusion current by
N-wll or depp N-well, the shallow and narrow depatregion result in small responsivity.
Compared td,, D4 delivers larger responsivity. Unfortunately;, D3 and D3 exhibit large
parasitic capacitance owing to their high dopingaamtration. Thus, it is not easy to design a

high-speed and high-responsivity PD under the udiiea digital CMOS technology.

2.2.1 Analysis of PN Junction Photodetectors

For the un-shaded area, the incident photon flursitieis given by:

P
@, (1) =%(t)%:(1-r) (2-8)

where Pop(s) is the input optical powerd is the device area) is the wavelength of the
incident light,h is the Plank’s constant,is the speed of light, ands the reflectivity.
Consider a single PN junction.photodetector stmgecshown in Figure 2-5. The generation

rates of carriers per unit volume is

g(xt)=ad,(t) e (2-9)

Light Source

R BRI AR AR

X

z

-
ot

Depletion Region D,

P-Type Neutral Region L,

Y

Figure 2-5 Cross section of a single PN junction PD.
11



N-Type Neutral Region

In the N-type neutral region, the continuity ejorafor holes in the time-domain is

ap, (x.t) . %p, (x.t) py(xt)

ot Poox? 7,

+g(x.t) (2-10)

whereD, is hole diffusion coefficient and, is hole diffusion time in N-type neutral region.

The boundary conditions are

. g (2-11)
aX x=0
Pl =0 (2-12)

If the concentration of hole-carriers is givemen the responsivity and frequency response
of the diffusion current from N-type neutral regiagot. In order to solve this problem
analytically, the Laplace transform in.the frequedomain is taken, and the Fourier series in

the space domain is used [8]. Then the hole-card#fusion current can be solved as:

(-

2m-1) (-1 e +;§7 L, ((an- )
(aL1)2+|:(2m;1) ﬂ} 2L,
®,(9)

S+DP {(Zm_l)ﬂ:r + 1

2L, T,

Ip(s):iAqua(

(2-13)

X

p

P-Type Neutral Region

In the P-type neutral region, the continuity derafor electrons in the time-domain is

an, (. () ()
ot " ox? T

+g(x,t) (2-14)

n

whereD,, is electron diffusion coefficient; is electron diffusion time in P-type neutral ragio

andx’ = x — (Ly + D1). The boundary conditions are

M g (2-15)

aX' X'=0

n|_ =0 (2-16)
x'=L2
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Then the electron-carriers diffusion current in réype neutral region can be obtained as:

1.(s) = ZAqDae (L+Dy)

Depletion Region

In the depletion region, the fast drift currest i

l (S): A, ( )[ &l €L1+D1):|

2m7| 1-(~1

aL2j|
17
X

P, (s)

(al) () 2L, v

mz
2L,

1 (2-17)

I

n

(2-18)

Thus, the photocurrent of conventional PN juncidotodetector can be expressed as

Lo =1, (8)+1,(5) 149

2.2.2 Simulation Results

(2-19)

Table 2-2 lists the simulated results of the PNefiam PDs with reverse-biased voltage of 1.2

V. The conventional PN junction photodetectors hanamy disadvantages, such as low speed

in N-well/P-substrate PD, small responsivity ifdf/N-well, N*diff/P-well PD, and large

parasitic capacitance in DNW/P-well; d#f/N-well, N*diff/P-well PD. Thus, these CMOS

photodetectors are not suitable for the generatalpteceiver to integrate directly without an

equalizer or some good-performance front-end dircui

Table 2-2 Comparison of the PN junction PDs with reversesidi& V.

_ -3dB Responsivity -3dB Bandwidth Cap. per 65 um”
Diode Type
(mA/W) (GHz) (fF)
N-well/P-sub 379.1 0.001 473
P*/N-well 30 1.3 3284
N*/P-well 29.9 1.9 2983
P-well/DNW 49 1.2 2051
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2.3 SML Detectors

From the perspective of a high speed light detactithe impacts coming from the
slowly-diffusive current should be circumvented. dddition, to keep the wide depletion
region and low parasitic capacitance, the lighthind P-substrate and N-well will be adopted.

Thus, an alternative approach is by employing afigtmodulated light (SML) detector.

2.3.1 Basic Concepts

As shown in Figure 2-6, a SML detector consistsaabw of photodetectors alternatively
covered and uncovered with light blocking materialach as metal layers. The covered
detector is named dark detector; while the uncaveéetector is named illuminated detector.
As the slow carriers generated in the neutral regiof the photo detectors diffuse in all
directions, they can be partially eliminated bytsatting the photo current collected by the
dark detectors (mainly composed ‘of:slow carriersmf that of the illuminated detector
(composed of both fast-drifting and slowly-diffugircarriers). So, the SML detector is

capable of high-speed operation.

z z

Metal 5 t T-» y
77777 Ak74777 [ ] [ ] [ y
X '
n-well Light Source
Metal 5
65 um ! 1 \ !
] é ] o
/4
n-well
77777 Y| L | | P-sub L
i L] (

( P-sub (
)) ))

(a) (b)
Figure 2-6 (a) top view, and (b) cross view of a SML detector
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Figure 2-7 Frequency response of a SML detector’s photoctirren

The photocurrent component of a SML detectorhisns in Figure 2-7. The illuminated
current {j.) collected by illuminated detectors consists @f filsst drift current from depletion
region, the slow hole-carriers diffusion currenonfr N-well neutral region, and slow
electron-carriers diffusion current from_the P-dtdite. On the other hand, the dark current
(igark) collected by illuminated detectors only consistghe slow electron-carriers diffusion
current from the P-substrate."If the,slow electcarders diffusion current generated by the
P-substrate diffuse the same amour) 6f current to the illuminated and un-illuminated
detectors at the same time, then most of the slustbn current can be removei( - igark)

by utilizing a differential TIA followed by a SMLetector.

2.3.2 Analysis of SML detector

The photocurrent of the proposed SML detector aaxpressed as:

I =1 illu .l dark =1 p + nl 1 nD+I dr (2'20)

ph
wherel,, is the hole diffusion current in the N-well nelitregions, |, andl,p are the electron
diffusion current in the P-substrate neutral regiof the illuminated detectors and the dark
detectors, respectively, amhg is the drift current in the depletion regions.

Then the hole-carrier diffusion current can blwed as:
15



x ><(_:L)m+1

jont D[W}D{W}D{M}l

I

(2-21)

x|:LY,LZ' 2(2m_1) + L1Lz' 8(2n_]) + LlLY' 8( X- :D ]
L (2n-3)(x-97 ) (2m-D(2x-IJ7 ; (2m (2 7

wherea is the absorption coefficiend, is the incident photon flux density, abg andt, is
diffusion constant and lifetime for holes, respes. The frequency response is mainly
determined by the term which involvéslt reveals that the bandwidth is proportionatte
sub-term:
om-1)7r] 2 { 2k i
m-1) 7 n=17mr o /4
Dp[( ) } D, ( ,—]) +D; (2 3 ,]) e (2-22)
2L, L, L, T,
SinceD,, L1, andr, are restricted by a standard technology, the batidwan be improved

by adopting shorter lengthkyandL;). of the rectangular shape to get smallgrandL;'. In

a similar way, the electron diffusion current o tR-well neutral region can be obtained.

Furthermore, the drift current, proportional be tarea of the depletion regidg;, is given
by [7]:

g = [ Aydad e dx (2-23)

2.3.3 Simulation Results

Based on physical parameters of a standard {ri&MOS technology, the simulated
results of photocurrent as functions of operatirggdiency is shown in Figure 2-8. The
calculated responsivity of strip-line detector Imat 62 mA/W, while its -3 dB bandwidth is
about 2.1 GHz. In spite of the smaller responsjtitg responsivity bandwidth product (RBW)

is much better than the conventional N-well/P-st#tetjunction photodetector.
16



70

: : A : :i iLmESML
65 L N R . ¢ i 120 xN-well/P-sub PD
| 1| esumx24umsize
2 60 N i 1-4um spacing
<Et : o : o | 65um x 65pm area
> 55
>
wn
@ 50
e
w45
]
o

1.2V Reversed-Biasd
40] -3dB BW =2.1GHz

35 DC Gain = 61.9 mA/W R
10 100 1000
Frequency (MHz)

Figure 2-8 SML detector simulated results.

2.4 Lateral PIN Detectors

To circumvent the mentioned issues of conventidhalell/P-substrate SML detector without
resort to a sophisticated equalizer, we proposesval lateral PIN detector, emulated by a

P diffusion/Pwell/N*diffusion interleaved architecture.

2.4.1 Basic Concepts

Figure 2-9 illustrates the top view and cross-seeti view of the detector. The detector is
fabricated in the active region, surrounded by NFaed deep N-well (DNW). The top of the
sensing region is striped of salicide and passvaayer to disconnect P+/P-/N+ regions and
alleviate light reflection. Compared to conventibnd-well/P-substrate junction, the
electron-hole pairs are mainly generated in therddity depleted regions. On the other hand,
the well is tied to the highest voltage, which pots the PIN diode from substrate noise

coupling.
17
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Figure 2-9 (a) top view, and (b) cross view of a PIN detector
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Figure 2-10 Frequency response of a PIN detector’s photocturren

Besides, there are still wide depletion regiotween P-well and DNW (or N-well), since
the doping of these two neutral regions is notesviz as that of ®liffusion or N'diffusion.
Thus, the fast drift current generated by P-well\@Kbr P-well/N-well) depletion can also be
collected to increase the responsivity of this E#tector.

The photocurrent component of a PIN detectoh@m in Figure 2-10. The photocurrent
(ipny) of P-substrate/N-well junction PD exhibits a krdiffusion current generated by
P-substrate so that its bandwidth is low. By emipigythe DNW and N-well, this PIN

detector gets rid off the slow diffusion currenhuB, the percentage of fast drift current of the

18



total PIN’s photocurrentif,,) increases. In addition, if a higher reverse-ldaseltage is
applied, ther g becomes more andiz goes less owing to the fully-depleted P-well regio

Therefore, the high-speed PD with photocurigatis achieved.

2.4.2 Analysis of PIN detector

To comply with the diameter of the multi-modesdiipbthe dimension of the photodetector is
only 50um x 50um (A), consisting of 13 P-I-N fingers (see Figure 248)this experimental
prototype, the P+ and N+ stripes are 1idb-wide (v), separated by a 0{5n wide P-well
region ¢). Thus a reasonable low (~ 2 to 6 V) reverse biagdtage Vr) is sufficient to
deplete the P-well region of the photodetector dohigh speed operation. The proposed
architecture is expected to provide a higher respdy by enlarging the P- region and
operated in the avalanche mode. In this case,l@hrgverse-biased voltage can be applied.

The photocurrent of the proposed PIN detectorbeaaxpressed as:
Fon =140+ (2-24)
wherel, andl, are the hole and electron diffusion current ofrieatral regions, respectively,
andly, is the drift current of the depletion regions.

Also, the hole-carrier diffusion current can bevedl as [8]:

e, & Agrd, D,

o :;; 2(w+d)

2" w' .
x(2m—1)77(—1)m+1 e+l 4 x(_l)m+1|:W( 2m-3 A2 ).}

(m')z{(Zm_l)ﬂT (2n-1) 7 I'(n-1) w{2m-1}

2

j2rtf +Dp[(2m_1)ﬂf+Dp[(2n_])ﬂT+l

(2-25)

wherea is the absorption coefficiend, is the incident photon flux density, abg andt, is
diffusion constant and lifetime for holes, respes. The frequency response is mainly

determined by the term which involvésdlt reveals that the bandwidth is proportionatte
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sub-term

2l w T,

2 2
2m-1)r 2n-1rmr 1
{Dp[_< ) } N D{_< ) } +_} (2-26)
SinceD,, I', andt, are restricted by a standard technology, the battdwan be improved by
adopting narrower stripe widthv) to get smallew’. In a similar way, the electron diffusion
current of the P-well neutral region can be obtdin€urthermore, the drift current,

proportional to the area of the depletion regign is given by:
g = [ Aydad,e ™ dx (2-27)

It is worth to mention that the total photocutren the device is also contributed by the
P-well/DNW junction below the lateral PIN photodes] since DNW is connected with
N+diffusion to a high potential and P-well is contezl to ground, which results in another
reverse-biased PN junction. This additional PN fjiomcisolates the substrate current and
increases the depletion region, which further bénehe. frequency response of the entire

photodetector.

2.4.3 Simulation Results

Based on physical parameters of a standard [0rLl&MOS technology, the calculated
responsivity as functions of operating frequencghiswn in Figure 2-11. For a PIN detector
with DNW, the 3-dB bandwidth can be greatly prondote 1.2 GHz and 1.9 GHz fafr = 2
V and 6 V, respectively. The results point out ttiet proposed PIN detector with DNW can
effectively eliminate the slow diffusion responssulting from the P-substrate current. In
spite of the smaller responsivity, the responsibindwidth product (RBW) is much better

than that of a PIN detector without DNW.
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Figure 2-11 Simulated:results of a PIN PD.

2.5 Fully CMOS Optical-Receiver

In optical communication circuit design, the castlways the major issue; therefore CMOS
is suitable for optical interconnection owing toethadvantages of high-density and

cost-effective. They can be used in short distamcehigh volume communication systems.

2.5.1 Optical Communication Architecture

A computing system based on high density optiaak is shown in Figure 2-12. In this
scenario, broad band data bus are bridged thropgbab links, such as the host interface
between the CPU and chipset, memory data bus/@ndtkerface, etc.

The goal of an optical communication system isaoy large volumes of data. Figure 2-13
denotes a typical optical communication systemitBliglata is amplified, and then drives the

laser source at the transmitter end. In order W@ laagood illuminated optical light, the laser’s
21
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Figure 2-13 Optical.transceiver architecture.

extinction-ratio (ER) will be constant, not be aite by PVT variation, the power control is
needed. At the receiver end, a photodetector arid &ranslate the optical signal to a voltage
data. Limiting amplifier (LA) serves as an amplieudontrol function to keep a constant

output level, which helps the following CDR to eadt the correct timing sequence.

2.5.2 Specifications of Optical Receiver

Before designing a circuit, some systematic requéngts should be described. In this
sub-section, some specifications of receiver femmd-will be listed. Since noise, sensitivity,
gain, and bandwidth of the receiver front-end datenthe performance of the overall

receiver, we focus the design issues on these @@spec

22



Sensitivity and Noise

In the receiver, one of the most important regmuients is its sensitivity. The sensitivity of
the receiver is the minimal input power of light f@ given bit error rate (BER), 16 for
system required. The minimal accepted input powertae corresponding sensitivity can be

described as:

@ (2-28)

By (meg,) =

Sensitivity dBi= 10Dogw (2-29)
where Pnin is the minimum input powerR is the responsivity of a photodetect&NR
indicates a ratio of signal (peak-to-peak signaing)vto noise (root-mean-square value,
which can be obtained by integrating the noise sxrihe entire bandwidth), anm

denotes the total input-referred noise currenhefreceiver. It can be described as:

2

V
IR Y, A (2-30)

n, PD n TIA 2

I 2
n,total

where Ry denotes the gain of the transimpedance ampli{i2/30) includes the noise
contributed from the photodetector, TIA, and LAided by TIA transimpedance. Usually,
TIA dictates this noise performance.

The Vertical-Cavity Surface-Emitting Laser (VCSEis a type of semiconductor laser
diode and can generate the 850-nm wavelength foOSMbhotodetectors. Typically, the
maximum output power of VCSEL is abdutmW or 0 dBm. Assume that the insertion loss
for the short-reach communication system from tratier end to receiver end &iB. The
responsivity of the CMOS photodetectors (SML and)R$ 62 mA/W. Thus, the sensitivity
of the short-reach optical receiver and transimpedamplifier will be better tha¥6 dBm
and31 pA,p, respectively. In addition, the input-referredseof this receiver with BER less

than 10" should be smaller thah2 pA .

23



Besides, the sensitivity of limiting amplifier thiBER less than 1 is generally abous
mVpp. Therefore, the input-referred noise of transingmee amplifier and limiting amplifier

should be smaller than abduB4pAp,. and0.36 MV, respectively.

Gain

Divide the receiver gain into three part, transeaiance gain, linear voltage gain and slicer
voltage gain of limiting amplifier. In order to aeke the output swing of 800 my the
conversion gain of TIA and limiting amplifier mulsé mare tha25.8 k@ (or 88 dBQ). And
the transimpedance gain and linear voltage galimiting amplifier can be allotte60 dBQ
and 28 dB for noise performance and simplification consitiera However, to have a
sharper switching-logic output waveform of limitiagnplifier, the additional slicer gain &b

dB is considered.

Bandwidth

The overall receiver is designed to receive a gat@of 3.125 GHz. To avoid intersymbol
interference (ISI) and must meet‘the sensitivitgl @anise requirement, the bandwidth of the
overall receiver should B22 GHz Since the bandwidth of the overall receiver iedained
mostly by the transimpedance amplifier. The TIAdaidth is typically chosen to be equal to
0.7 times the bit rate under the compromise betwmese and ISI. Hence, the bandwidth of
the limiting amplifier (linear part) is typicallyesigned3.125 GHzto cause no ISI. Also, the
bandwidth of the slicer part will be more than Z1z2Hz.

Table 2-3 lists the summary of the short-reacticapreceiver specifications. Because the
performances (responsivity of 73 mA/W and bandwifti.9 GHz) of PIN detector is better
than SML detector, the optical receiver can alsadi@pted while the PIN detector to receiver

the 850-nm wavelength optical light.
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Table 2-3 The specifications of the OEIC with SML detector.

e . LA LA
Specifications SML PD Receiver TIA ) i
(Linear) (Slicer)
Gain 62mA/W 104dB 60dB 28dB 16dB
Bandwidth(GHz) 1.6 2.2 22 3.2 >3.2
Sensitivity Level <-6dBm <3LuApp <26uApp 5mVpp N.A.
Noise N.A. <2.2Arms | <1.%YArms | <0.3mVims N.A.
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Chapter 3

Transimpedance Amplifier

In optical communication system, the light tranted by laser diode travels through a
fiber and experiences loss before reaching a pletdotbr. The photodetector then senses the
power of light and transforms the light intensity & proportional photocurrent. At the
receiver front-end, transimpedance amplifier (Ti&\an interface that converts the receiving
photocurrent to electrical voltage.

In this chapter, design consideration in TIA Wik introduced first. Then three typical
types of preamplifier circuits are introduced andmepared in section 3.2. Also, the
advantages and disadvantages of two different itirtppologies (common-gate and
common-source topology) will be discussed in secB8a, too. Section 3.3 introduces the
RGC-TIA chosen for meet the trade-off between langeit capacitance and transimpedance
gain of the TIA. And the noise analysis is alsoadié®d in section3.3. Finally, the post-layout

simulated results in the slow-slow (SS) corner dlshown.
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3.1 Design Considerations

The transimpedance amplifier (TIA) is a criticabtk of a fiber-optic receiver. Its gain, input
overload current, noise performance, bandwidth gnodip delay variation largely determine
the overall sensitivity and the data rate of théioap link. Here we discuss the following

design considerations.

Gain

The gain of TIA, or so-called transimpedancejefined as the output voltage change per
input current change. It must be large enough &ya@me the noise of subsequent stage such
as limiting amplifier or buffer. Besides; the gawil influence the sensitivity required for the
following stage limiting amplifier-indirectly. Typglly, the transimpedance for 2.5 Gbps data

rate is about 2K to 4kQ, and for 10 Gbps about 5@Dto 2kQ [10].

Input Overload Current

The input overload current is largest input catrfer TIA without distortions causing BER
go above the level of 8. It defines the upper end of the TIA's dynamicganin SONET
OC-48, the minimum required overload current is i@y, The problem of overload

characteristics enforces a gain control circuthia TIAs [10].

Input-Referred Noise Current

The input-referred noise current of receiver frend determines the minimum input
current that yields BER be smaller than*10As described in section 2.3, the TIA dictates thi
requirement. Typically, the input-referred noisereat of TIAs for 2.5 Gbps data rate is 380

NAmsand for 10 Gbps is 1400 pi
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Bandwidth

In view of noise consideration, the bandwidtif&& must be minimized so as to reduce the
total integrated input-referred noise current. @ bther hand, in view of intersymbol
interference (ISI) in random data, the bandwidthT6A must be maximized. The trade-off
between noise and ISI makes a compromise to a bdtidwf 0.7 times the data rate. In

OC-48design and OC-192, a 1.75 GHz and 7 GHz batibws required at least, respectively.

Group Delay Variation

The group delayz, is related to the phas@, as7(«) = -d@ /daw The group delay variation
as well as bandwidth is important parameter det@ngi the mount of ISI and jitter
introduced by the TIA. Typical values.for groupaelariation Az, are less tharr10% of the

bit time. Thedrfor 2.5 Gbps and 10 Gbpsis abat#0 ps and+10 ps, respectively.

3.2 Preamplifier Architecture

Typically, the structure of preamplifier can be sdidied into three categories which are
low-impedance amplifier, high-impedance amplifiedaransimpedance amplifier. Here we
discuss those preamplifiers on structures as wgetheir advantages and disadvantages in the

following.

3.2.1 Architecture Comparison

Figure 3-1(a) shows a typical low-impedance predmar. Main advantages of the
structure are (i) the preamplifier is easy to belamented since commercially availables0
RF amplifier can be used; (ii) the bandwidth ig&adue to low RCy time constant, (iii) it has

wide input dynamic range when the signal to thepraifier input node is at very low level.
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(a) (b) (©)
Figure 3-1 (a) low-impedance, (b) high-impedance and (¢)dirapedance
preamplifier architecture.

However, the input-referred noise is high due tovaresistor at the input node.

On the contrary, the structure of high-impedapE=amplifier is shown in Figure 3-1(b).
Compared with low-impedance preamplifier, the eglant input-referred noise is low due to
high resistance. However, the price paid for insireg input resistance is that the bandwidth
is reduced. An equalizer or ‘other circuit i1s.comiyomsed to compensate the frequency
response which makes the preamplifier design momgicated.

At last, the transimpedance preamplifier is shownFigure 3-1(c). The preamplifier
frequently employs the feedback technique to erdahe bandwidth and to enlarge the
dynamic range. The bandwidth is enhanced by a faxftéoop gain compared with that of
high-impedance preamplifier with the same loadstasice and input capacitance. Besides,
the noise can be very low due to large feedbacisteasxe. One problem to be care is the
stability that comes with the feedback techniques.

Table 3-1 lists the comparison of the three pradiers. Make a comprehensive survey of
the three structures, the transimpedance ampbfiguitable for fiber-optical applications.

In the transimpedance amplifier, it is desiratoleachieve low noise, high transimpedance
gain, and adequate bandwidth. These requirementdlygonflict, requiring trade-offs to be
made to suit a particular application. According ttee core amplifier, transimpedance

amplifier can be classified into two categoriesnoaon-source and common-gate structure.
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Table 3-1 Comparison of three topologies of preamplifier.

_ Dynamic _ :
Bandwidth Noise Design
Range
Low-impedance Good Good High Easy
High-impedance Bad Bas Low Difficult
Transimpedance Good Good Low Easy

3.2.2 Circuit Topology Comparison

TIA with Common-Source Amplifier
Figure 3-2 shows a typical transimpedance aneplifiith common-source core amplifier.

Its transimpedance gaifz, and -3.dB bandwidth can be derived as:

_|V IR R
T - 'out ~ mlL ~ R: (3_1)
‘ Iin 1+gmlRlN
gmlRD
.. & 3-2

Since the gain is almost equal to the feedbaclstasie, a larger resistance can achieve a
higher gain. However, (3-2) shows that larger fem#tlresistance will degrade the bandwidth.
In order to enhance the bandwidth, the open loop gfaould be as large as possible while

ensuring the stability.

In view of noise, the input-referred noise cutresm be described as:

mz“:} g}[4;DT+4kTygm][—é+afch]+%(—%+afcij[wzqa+—%j (3-3)

To achieve low noise requirement, the transcotashee ofM; and the resistdR- should be
as large as possible. However, these requirememtiiat with input capacitance, voltage

headroom, and signal bandwidth individually. Onewtl be care is that although the noise at
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Figure 3-2 Architecture of common source feedback amplifier.

low frequency could be negligible, that at highgfrency may become considerable. For
CMOS TIAs, the primary factor that constrains tt@dwidth and noise performance is the
inherent parasitic capacitances introduced by metextor. As a result, in conventional
common-source topology, signal bandwidth. has, to dmverely traded-off among

transimpedance gain and noise performance.

TIA with Common-Gate Amplifier

The other generally used circuit structure iswiite common-gate core amplifier as shown
in Figure 3-3. Compared with common-source strggttive low input impedance renders the
signal bandwidth almost insensitive to parasitigazatances introduced by photodetector. The

gain and bandwidth can be described as:

_ |V 9 Ry R
T — .out ~ m2 2 ~ 3-4
i T guRR R T &4
~ gmlgmz RDl R)2 (3_5)

a
o 277CDl R:

With the same gain, the common gate topology caieae a higher bandwidth independent
of feedback resistoR-. An important drawback of common gate topologieshat they

directly refer the noise current produced by tteglto the input, which results in considerable
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Figure 3-3 Architecture of common-gate feedback amplifier.

noise thus degrading the sensitivity. The noiseerurspectral density can be described as:

—— 4kT 4KT 4kT( 1 1 1
12, =— KTy Gpet—| — o || —=+df 3-6
"R R, yg+gi2[a+%z+yg“j[%f Cij (3-6)

In order to reduce input-referred noise, the transconductande, afie load resistorRp:

andRpy), feedback resistoRE) should be chosen large. However, the load resistors will have
trade-offs with voltage headroom and signal bandwidth. Fortynatellarge feedback
resistance can improve gain and noise performance at the same time wbderalintaining

the signal bandwidth. On the contrary, the transconductance @ntwourcdg should be
minimized. Under a given bias current, the gate drive voltadg sthould be increased. In

addition, the size oM, makes trade-off between low frequency noise and high frequency

noise.
Table 3-2 Comparison of three preamplifiers.
C
i Gain Noise
tolerance
Common-Gate TIA Good Good High
Common-Source TIA Bad Good Low
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Table 3-2 summarizes the two topologies. Although npiseluced by common-gate
topology is not negligible even at low frequency, its lowput impedance increase the
tolerance of the large photodetector capacitance. The high gaiwidedandwidth feature
makes it attractive in high speed circuit design. However, thdtiségsof fully CMOS
optical receiver is very important. It uses the monolithic ptietector which has very small
responsivity to sense the 850-nm optical light and generatequincegat to the TIA. Thus, the
common-source topology TIA will be chosen, and the RGC ispagde is utilized to reduce

the large photodetector capacitance effect.

3.3 Circuit Implementation

Figure 3-4 illustrates the circuit schematic of the:TIA incorpogatiwth SML detector. It
consists of two identical TIASMi, Mgz, ‘M5 and My, M4, Mg) in a fully differential
configuration. To alleviate bandwidth degradation caused bypadhasitic capacitance of the
photodetector, a regulated cascode (RGC) input stage is adbpledhe current subtraction
is performed in the second stage, which is'a common source gdifieanmpth shunt-shunt
feedback. The voltage amplifieMg, Rs) and M4, Ry) provide a conversion gain of about 20
dB to enhance the bandwidth of the TIA, while the transimpedaaiceig mainly provided
by the resistor§y; andRy,. The slow photocurrentgf) collected by the dark diode is then
subtracted from that;(,) collected by the illuminated diode in the voltage domain.

Is the supply voltage of 1.8 V appropriate for this TIA?e responsivity of the SML
detector Dy, andDyar) is higher if the reverse-bias voltage is larger. Based@sithulation,
the reverse-bias voltage will be designed lager than 1.2 V soaahieve better performance
of SML detector. 1fVgs1 0r Vgs2is about 0.7 V and the reverse-bias voltage of SML detector
is1.2 V, then the gate voltage M or M, is lager than 1.8 V. Thus, the supply volta¥gp

of 3.3 V will be chosen for this TIA. However, to avoie tinansistor breakdowWNgs andVps
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Figure 3-4 Fully transimpedance amplifier with SML detector.

of all transistors in this TIA will be designed smaller thet\1.

Small-Signal Analysis

Figure 3-5 shows the equivalent half circuit of Figure 3-4ereICx denotes the total
capacitance & to ground. The capacitance arises filégn1, Cps1, Ceszand the Miller effect
of Csps. In addition,C\ arises fromCgspg1, Cpes1, Css, Csss the Miller effect of Cops +
Cssip) and the photodetector capacitance. If the parasitic capacitance of thé isotkglected

for simplification, the transimpedance gain can be described as:

\Y/

outl ~

VOU — VOLI
i (3-7)

Ly ~dark lin

1
~ (RFl-ngJ

(3-8)
{szqcx Rav {6, G, G Fﬁ@%w(c )
O3 Os 9 9e R G R 01 9 R

T, =

The above transfer function reveals that the transimpedance gairut®Rapat relatively low
frequencies iRe; >> (gma) ™. Besides, the TIA circuit exhibits three poles: a pair of complex

poles caused by thénode and output node, while the third pole located at the iqule.
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Figure 3-5 Equivalent half circuit of TIA in Figure 3-4.
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Figure 3-6 (a) Step response and (b) frequency response for damping factor.
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To analyze the pair of complex poles, we rewrite the function inlifeinfiorm used in

control theorys? + 2Ja s + a?, where( is the damping ratio ang, is the natural frequency.

That is,
, 1 1 11 O _
S+{CLF¢1+@R1+F;Q+ Bszj+ CCR (3-9)
where
_ Oz
) = | —om 3-10
“ R, (3-10)
1 (1 1 11
Z‘an(q&fcxaf RG. B@J (3-11)

The two poles are given by

s.=(-¢ 27 1) (3-12)
Thus, if { > 1, both poles are real, the system is overdamped, ancetrarssponse contains
two exponentials with time constants){ and &) " On the other hand, if 0 € < 1, the

system is underdamped, the poles are complex and the responsepatasuirent step, =

4i x u(t)is equal to
_ 1 ate > - (3-13)
Vi = | 1-———= e sin[{/1-{?t+ 8| || Aix u( t

6=sin"\[1-¢° (3-14)
where Vot denotes the change in the output voltage. lllustrated in Fignrefor several
values of{ and a constan, the step response exhibits severe ringing/fer0.5. Typically,
{ is usually chosen to be greater tha@/2 to avoid excessive ringing.

For a maximally-flat Butterworth response [12],{die equal to~/2/2. Then, we have

‘52 +2(wn S+(‘Jr? S= jWags "w-zsds' j\/zwnw-ads'*'wi 2
That is,
(a)r? '(‘fads)z +(\/§wnw-3d3)2 =2 (3-16)
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which yields

—_ _ gm3
Wy = W, = 3-17
308 C.C.R. (3-17)
Compared with the third pole which is described as:
o, = Im s’ (3.18)
C:IN

Generally,Cy is about 1 pF or larger tha@y or C_ by 5 times. In order to eliminate the
TIA's bandwidth degradation caused by the third pole, thduymioofg,s andRs should be as
large as possible. Thus, the transconductand;é about 8 m/Vand the resistance &% is
about 1kQ and the -3 dB bandwidth of the differential amplifists( Mg, Rs, Rs andlg,) is
about 2.8 GHz.

In short, the RGC input stage Is adopted to increaseotbance of large photodetector
capacitance so that RGC-TIA is capability. of high-speed operatianvever, the RGC

technique generates more noise and gets the sensitivity of optiealer front-end worse.

Noise Analysis
The equivalent half circuit with noise source of Figure 3-5 isalegiin Figure 3-7. As
introduced before, the accepted minimum input current is relativreetadise contributed by

the TIA itself. The input referred noise current spectral densitypeatescribed as:

—_ 12412 1 [2 _+]2
T P T —(wé —J—(afc)
m3 1 ng
e e ATO8) Ly T8 ) 549
=—— +4kTyg o +—+ (af +—j+— W
R A — -3 G

Although the proposed TIA with RGC input stage andnstshunt feedback to the second
stage overcomes the trade-off among gain, bandwidth, and naspritke paid is that the
noise increases anyway especially at high frequency. To alletaterst, second and last

term in (3-19)gme1 should be as small as possible, grgl Rs should be as large as possible.
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Figure 3-7 The equivalent half circuit with noise source.

Although the proposed TIA with RGC input stage andnstshunt feedback to the second
stage overcomes the trade-off among gain, bandwidth, and naspritke paid is that the
input noise increases anyway-.especially at high frequency. To adlékmffirst, second and
last term above equatiogsms; should be as small as possible, wigile andRs should be as
large as possible.

To alleviate the noise contributes from the post gain stédgeg;IA provides a conversion
gain of about 60 d&, and a -3dB bandwidth of about 2.9 GHz to compromise between
input-referred noise and ISI. The post-layout simulation (by R&€ct) results are shown in
Figure 3-8 to Figure 3-11. The parasitic capacitances of SML Detes®isoth about 1.2 pF
under the reverse-bias voltage 1.2V. The group delay variatamoist +15 ps from 10 MHz
to 4 GHz. Besides, the input-referred noise of this TIA iiaBQA s if the noise-bandwidth
is about 3 GHz. From Figure 3-11, we can also see the Taéltsig about 1K2, because it

converts the current swing of 2@\, to the voltage swing of 20 my.
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Figure 3-9 Group delay of TIA with SML detector.
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Figure 3-11 Eye diagram for 3.2 Gbps and 0.02 gp#put current.

3.4 Summary

According to the post-layout simulated results, the trareiiapce amplifier is able to

operate for 3.2 Gbps data rate. It has a voltage gain of &, dB dBbandwidth of 2.9 GHz,

group delay less than +/- 15 ps, input-referred noise abo#t2.
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Table 3-3 lists the simulated results of the transimpedancef@mpith RGC input stage,

and a resistor shunt-shunt feedback with common-source voltagdiempli

Table 3-3 Post-layout simulated results (RCC) of TIA.

Specifications @ SS Corner
Gain 60 dBQ 60 dBED
- 3dB Bandwidth 2.2 GHz 2.9 GHz
Input-Referred Noise 1.84pAms 2 PAms
Group Delay Variation N.A. +/- 15 ps
Power Consumption N.A. 16 mW
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Chapter 4

Limiting Amplifier

The signal produced by front-end transimpedance' amplifier ussaffgrs from small
amplitude, on the order of a few of millivolts for the minimurpun current level. Such a
weak signal will result in incorrect recovered data streams whilerécesived by clock and
data recovery (CDR) circuit. Therefore, an additional gain boostege sthat boosts the
signal swing to logical level is necessary. Post limitngplifier is approach that are widely
used in communication systems.

In this chapter, limiting amplifier will be discussed. Thatludes limiting amplifier’s

specifications, architectures, analysis of the stage number and ciplementation.

4.1 Design Considerations

Gain

The gain of limiting amplifier is defined as the output wpitachange per input voltage
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change. A typical limiting amplifier has a gain of around for 30tdB50 dB. In optical
communication system, limiting amplifier provides the gain aodt the TIA'S output signal
to logical level for CDR followed by. Thus, a TIA with higransimpedance gain helps to

relax the gain requirement for the limiting amplifier.

Bandwidth

To reduce the ISI in random data, the limiting amplifier baddwis often made much
larger than the desired receiver bandwidth. As a rule of thumbintiteng amplifier -3dB
bandwidth is chosen around 1.0 or 1.2 times the data rate, n@adeythe recommended
receiver bandwidth. For example, for 2.5 Gbps and 10 Gbps data riatating amplifier

-3dB bandwidth should be 2.5 GHz to 3GHz and 10 GH2ZtGHz, respectively.

Input Offset Voltage

The limiting amplifier usually consists of several cascadiam gell stages. An offset
voltage, caused by the non-ideal terms such as devices misvateismatch, and etc., will
be amplified by the rear gain cells. It may cause incorrect dataenegiem when the input
signal is small. In other words, it may cause pulse-wid#todion and decrease input
sensitivity. Figure 4-1 shows the comparison of limiting Hinep output waveform with and

without offset voltage.

Without

vth =0V D\ /N N\ _ _ _
Pulse-Width Distortion

/ \V

With
Pulse-Width Distortion

With
Pulse-Width Distortion

Figure 4-1 LA output waveform with and without offset voltage.
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AM-to-PM Conversion

A limiting amplifier converts the input small signal to thetput logic level and is a
non-linear system. If the amplitude of input signal is eaistant, then it will result in phase
disturbance or so-called jitter in output signal of limiting afrgsl Typically, the delay
variation resulted from AM-to-PM conversion will be less thek0% of the bit time. That is

about +40 ps and+10 ps for 2.5 Gbps and 10 Gbhps, respectively.

4.2 Limiting Amplifier Architecture

4.2.1 Architecture Comparison

Typically, the limiting amplifier usually consists of seatefully differential wide-band
stages. According to the variety of cascading-gain cells, lighdgmplifiers can be classified

into following four categories.

Identical Linear Amplifiers [12]-[14]
For limiting amplifier, that identical cascaded gain cell is latem to solve the trade-offs
between gain, bandwidth, and power consumption. For simplditata limiting amplifier

cascading identical gain cells (Figure 4-2(a)) is commonly used.

To.1pF To.1pf:
[ : : : im F [ : : : _-T-:: F
I° I
(a) ) (b) )
: IiOJPF : =50.(.2
;0-1PF 50 2

(c) (d) =
Figure 4-2 Limiting amplifier output with and without offset voltage.
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Linear Amplifiers + Slicers [15]

In the limiting amplifier the signal can be seen as smatlasigperation in the front several
stages; whereas large-signal operation in the later stages. Inwaihas, the later stages
typically sense sufficiently large input swings, thereby experignswitching and operating
in the large-signal mode. Therefore, the stage’s rising timefahdg only depend on its
output RC time constant. As shown in Figure 4-5(b), tleesivith low impedance is utilized

to accelerate voltage switch and balance rising and falling timeltavbitage level.

Inverse Scaling Technique [16]
As shown in Figure 4-5(c), to drive a small on-chip load,d&ecaded amplifier can be
inverse scaling. The input capacitance is usually lager thaoftioatput. By inverse scaling

technique, the bandwidth due to output node will be impravetso as limiting amplifier.

Tapered Buffer [17]

If an amplifier is to deliver signals to 50 W loads, themitst employ high currents and
large output transistors in the last stage. As illustratdeignre 4-5(d), the cascade must be
tapered in device dimension and bias current from the first to thesdags to maintain a

wideband while delivering high output current.

4.2.2 Analysis of Stage Number

Conventional post limiting amplifier is comprised of identicascaded gain cells.

Assuming each gain cell can be approximated by a two-pole amptiftan be described as:

__ A
A(S) - 2 +25wn s+w§ (4-1)

whereAg is the DC gain of single stage.
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For a given limiting amplifier with total gain @& and -3dB bandwidth ofu, then it will
be implemented by cascading N-stage, identical, two-pole gais wéh ¢ of V212 for
maximally-flat bandwidth. Then, the gaimAdj, -3dB bandwidth d¢x) and unity-gain

bandwidth of single gain cell can be derived as:

A= AP (4-2)

@ =(2" -1 xay (@-3)
—{~oYUN _ N ya

@ =(2" 1) " xa x(AT ) )

The single stage gain can be reduced along with the increasgimgymimber of gain stages,
while the -3 dB bandwidth of each gain cell should be increased aaglytdivhen the
number of stage is increasing, it turns out that the gainviadtidproduct can be relaxed. But
it would lead to a higher input-referred noise if the.conversion@again cell is too small.

Besides, if the current consumption in-each stage is proportmnlaé square of its unity

gain bandwidth, the total power dissipation will also be iasee for more stages in cascade.

Powerl Nz B N {2V =" f a7 - 1) (4-5)

Figure 4-3 shows the case when the linear gain contributdtelfyont several stage of LA
is 25 (or 28dB) and bandwidth is 3.2 GHz. Also, all pa@gameters are normalized in Figure
4-3. It can be intuitively understood that as the number of cadcstdge increases, the gain
provided by each gain stage decreases. In the meantime, the banueuided by each gain
stage increases. In addition, the power consumption increases ogdrtwhen stage
number is larger than three. Take power dissipation into consmigrate are forced to make
a compromise between speed and power consumption. Thus, a 2st8ggtage linear
amplifier in front of LA has lower power dissipation and its ywgain bandwidth is also
feasible in 0.1§4m CMOS technology.

At last, a 3-stage amplifier with lower gain in each staghasen in this design rather than

a 2-stage amplifier because the Miller effect should not be ignored.
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Figure 4-3 Normalized LA’s power consumption versus the number of stages.

4.3 Limiting Amplifier,Implementation

The architecture of post limiting amplifier is shown in Figdrd. Excluding the DC offset
cancellation network, the limiting amplifier is composed of atrawdor (SUB) in the front
and 5 gain stages consisting of 3 stages’in linear amplifie@ atages in slicer amplified.
The subtractor not only exhibits' lower input capacitance for TIAb& capability of
high-speed operation, but also blocks the DC offset voltem@a limiting amplifier and

imbalanced signal from TIA.

Vout

Figure 4-4 Limiting amplifier is composed of SUB and 5 gain cells.
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Figure 4-5 Feedback type limiting amplifier architecture.

4.3.1 DC Offset Cancellation Network

Besides of offering additional voltage gain, offset cancellat®ranother important key
function in limiting amplifier design. The offset voltage neuse incorrect data regeneration
and decrease the sensitivity.

Feedback type offset cancellation is adopted insthis desigts fminimum circuit overhead
at signal path. The less overhead means the amplifier.can operatgtadraspeed. Figure 4-5
shows the diagram of the feedback type architecture. From the vieghofrbgquency signal,
it is an opened loop associated with the gaincells, becausedsP#& lower -3dB frequency
than input signal, usually on the order of several kHz. Buin fiiwe view of low frequency
signal (like DC offset), it's a closed loop. The offset sigralfed back negatively and
subtracted from the input. By using negative feedback, the eqotvaifset voltage is divided
by a factor of loop gain 1+HA

Assume the feedback path of the limiting amplifier has a pols ofp, then the transfer

function of the limiting amplifier can be described as:

Vout(s) — Ab — Aé(s-l- g (4-6)
o (9 1+A)[1+'i/ pj s+ {1+ AB)
s=0 Yeu( . AP _1 @)
7O e )
S=o0 VO“t(S):iS:Ab
W9 s @9
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where theA, denotes the gain of the 5-stage gain cells.

Thus, the (4-7) and (4-8) mean that a signal at relative low frequaenitye input offset
voltage of LA, its gain is about 1; on the other hand, aasighrelative high frequency or the
TIA output ac signal, its gain is abo#. It is obviously that offset voltage will not be

amplified by limiting amplifier which only amplifiers the ac sajrirom TIA.

4.3.2 Gain Cell Design

The schematic of the gain cell is depicted in Figure 4-6. ©nlike conventional
Cherry-Hooper amplifier [12], the active feedback increases the GBW lgettadses not
resistively load the transimpedance gain cell. Thus, no peakihgctor is needed. The
Cherry-Hooper amplifier with active feedback can be simplified in leigui7. The transfer
function is given by:

VDD

'_OVO
_OVO

Vin1

Figure 4-6 Gain cell in the limiting amplifier.
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Figure 4-7 Active feedback architecture.

V-V A
H (S — _outl out2 — n (4_9)
o Vinl - Vin2 52 + ZZa)n St a)nz
where
A/ - GmleZng
° l+ GmZGmf R. 3 (4-10)
7=1 RG+GR win
2 RRGG(1+ G, G, RB
CUZ — 1+ GmZGmf R 3 (4_12)
RRCGG
For a maximally-flat Butterworth response, {ebe equal to+/2/2. Then, wsgs = @, and
we have
GG GG 1
w_Z — —ml—m2 — w — m. = _
AW 348 c.C, A, 348 CC, @ (4-13)
SinceGni/Cy ~ Gnd C; ~ wr ~ 27f1, (4-13) can be rewrite as
f
Aoz = Wy i = Ag f—3dB: fT . (4-14)

w—3dB f—BdB

This result reveals that the active feedback increases the GBW higotethnologyr by a
factor equal to the ratio &f and the cell -3dB bandwidth.
Moreover, the subtractor, depicted in Figure 4-8, is also basethe Cherry-Hooper

amplifier with active feedback. Compared to Figure 47, Ig1p and(L/W)y1 2 will reduce to
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half if to keep the current consumption and transistor overdrivagalfThus, it is given

HSUB(S) =H IN(S) - HFB( 3 (4-15)
V-V 1
H s) = outl out2 — — « H 9
i (S) Vv, 2 cc(9 (4-16)
Vo -V 1
H (S) — _outl out2z — — v H (S)
" Vir Ve 2 (4-17)

where Hsyg(s) is the transfer function of subtractor, whhgy(s) and Heg(s) represent the
subtractor gain due to TIA and DC offset cancellation network, caspéy.

To summarize the subtractor, it not only delivers a pathherOC offset voltage been
cancelled, but also reduces the TIA's output capacitance for Tib& tapability of achieving
higher bandwidth owing to half transistor size.

Figure 4-9 to Figure 4-13 show the:limiting-amplifiespsimulated results. To minimize
ISI induced data jitter, the limiting amplifier is design astage gain of 47 dB, while the

front 3 stages deliver voltage gain of 29 dB and -3 dB bandwidil GHz.

Figure 4-8 Subtractor schematic in the limiting amplifier.
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Figure 4-9 Magnitude responses of subtractor, gain cell and slicer.
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Figure 4-10 Magnitude responses of LA and front 3 stage.

And the gain of a subtractor, a gain cell and a slicer are 3.6.dRIB and 8.4 dB, while
the -3 dB bandwidth is 4.8 GHz, 4.8GHz and 5GHz, respeygtiVéle group delay variation
of LA with buffer is about+15 ps from 10 MHz to 2.5 GHz. Besides, the input-referred noise

is about 1.6 ms if the noise-bandwidth is about 2.5 GHz.
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4.4 Summary

According to the post-layout simulated results, the ingiamplifier is able to operate for

3.2 Gbps data rate. It has a voltage gain of 47 dB (incluZ®ndB linear gain), group delay

Input-referred noise of LA.

less than +/- 15 ps, input-referred noise about 1.§.mV
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Figure 4-13 Simulated eye diagram of LA.

Table 4-1 Post-layout simulated results (RCC) of limiting amplifier.

Specifications @ SS Corner
Gain (front 3-stage) 28 dB 29 dB
LA Gain 44 dB 47 dB
- 3dB BW (front 3-stage) 3.125 GHz 3.1 GHz
Group Delay Variation N.A. +/- 15 ps
Power Consumption N.A. 92 mwW

Table 4-1 lists the simulated results of the limiting anglifith a subtractor in the front, a
DC offset cancellation network, 5-stage gain cell limiting afigsl{including 3-stage linear

gain cell and 2-stage slicer gain cell).
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Chapter 5

Adaptive Equalizer and Buffer

To compensate the bandwidth roll-off of a photodetector, a lagh-fiter will be designed.
In order to compensate the roll-off automatically, an equalizer wjtistle zero, two slope
detectors and an error amplifier are adopted. In this chapter, an adequiziézer will be

discussed first. Following equalizer, the high-speed outpifi¢is described in section 5.2.

5.1 Equalizer Circuit

To compensate the bandwidth degradation of SML detectoghapaiss filter will be designed.
Typically, we can use the capacitance/resistance source degenerasiooywasn Figure 5-1,

to create a zero, and the equivalent transconductance of this diffeaempidier is given by:

G = gm1,2 - gm1,2( SRS CS+1)
1+ gm,z[% //ZS:LCSJ SRs CS+ gmézRS +1 1)
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Figure 5-1 (a) Capacitance/resistance degeneration, (b) frequency response..

In the above equation, it contains a lower frequency zero lotat&qR<Cs), and a higher
frequency pole located in (1gm1Rs/2) /( RCg), thus it seems like a high-pass filter.

The equalizer [18] is shown in Figure 5-2. In contrasth® gain cells, it introduces a
tunable zero in the transconductance stage of the Cherry-Hooper ampéfeiscuss before,
the bandwidth of the SML photodetector is about 1.6 GHzcdmpensate the bandwidth
degradation of SML detector, the zero of equalizer should be adjsiedd 1.6 GHz so as

to cover bandwidth variations and fulfill the requirement of hijggesl operation.

VDD

Vin1

Figure 5-2 The equalizer circuit.
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Adaptive Equalizer & Slope Detector

The schematic of adaptive equalizer is shown in Figure 5-3. efualizer provides
additional zero to compensate the bandwidth degradation caysie Iphotodetector. The
zero location is adjusted by a feedback control loop which detextxige slope of the output
waveforms in the last two stages. In the slope detector, comparstéep slope of input
differential signals with the slow one, the output averagwoltpge is higher when steep slope
signal is applied. The slope detector followed by an error amplifiechwprovides a low
frequency pole to make sure a stable loop and delivers a DC sigrtpldbzer.

The slope detector can be realized as shown in Figure 5eBnsists of a differential
amplifier with the drain node connected to ¥g. When a differential signaligy or viny) is
applied to the gates of the differential amplifibff, Moy or M1y, Myy), it looks like transient
time detector. In addition, its output voltage is-higheh# differential input slope is steeper,
and vice versa. For example (see Figure 5-4),if the slop,0$ steeper thawmn,, the average
voltage ofvouy is higher thanvu After amplified by the error amplifiel/ctr. drops and the
zero of equalizer goes higher. On the other hand,if the slop.a8 steeper thamy, the
average voltage of,uy is lower thamvoun, VeTre arises and the zero of equalizer goes lower

and peaking more.

H + o+ s kS
o—p|+ +;
vin'vfb: ) _SUB _ EQ _ _ _ viny _ Vinx
o—p]—- /

VDD VDD

M.y May| | Mix
i & ﬂ{

vou!y
VC TR L°_< Voutx GDIBy gD Iex

Figure 5-3 Adaptive equalizer.
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Figure 5-4 Transient simulation of the slope detector.

How much output voltage drop as a pair of differential signabplied to slope detector?
Assume the input voltage swing of slope detectondgng from Vpp - Vswing t0 Vpp. The

output has minimum voltage 8% x andMax drift equal current. Thus, it can be described as:

V. wWin I L
Vinin :VCMO-VGS:(VDD_ 32 g}_( #é W + Vj (5-2)
V n—ox

On the other hand, the output.-has the maximum voltage as ditiflex or My is off. At that

time, it can be described as:

21 L
Vinax :VDD - VGS = VDD _[ /JnCE;X W + \/tJ (5-3)

And the output swing of the slope detector is

V. .
Vi =V =20 0.4 |15 L

max min : Y o-4
2 H.Cox W &4

The above equation means the output voltage swing depenks tail turrent, transistor size
and input voltage swing.

For a slow transition of either polarity, the coupled-sources madtage is minimum value
when the differential input is 1 or 0. And the response ofiapyt transient is a negative
pulse. However, a faster transient will have smaller pulse amgldud to its short period of

changing state.
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M10

Figure 5-5 Two stage error amplifier.

Error Amplifier

As depicted in Figure 5-5, the«error amplifier-is a two-stage amplifihe differential
inputs are connected to the slope detector’s outputs which hewvearomode voltage about
0.8 V, so that the PMOS input stage is adopted in the errdifiam@o enhance the gain of
the input stage, the negative.impedance’ techniyueahd M,) is used at its loading. In
general, the conductance dfi{ andMy).is always 0.4 to 0.9 times than that of diode loading
(Ms andMg) due to a stable condition. Besides, the second stagsignéd to make output
swing as large as possible. Thus, the DC gain of the errorfaanpéan be described as:

A = Veu — { O 2 j[ gm718( |’07’8// rogylo):' (5-5)

Voutx _Vouty Os6~ 9nsa

And the dominant pole is located in the output node that is

fo= 1
= 277( lo7.8 //r09,1o)C CTRL

(5-6)
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5.2 Output Buffer

Impedance matching

In order to prevent the echoes or ISI, the impedance of each éhlds matched. To take
an example of our OEICs, the buffer output travels on the PCBramsimission line to reach
the sampling scope (see Figure 5-6). Because the transmiss®rhds characteristic
impedance of 5@ and the input impedance of the scope i€5he guide line on PCB will

be designed characteristic impedance of25@nd output impedance of the buffer as well.

Input Capacitance
The input capacitance of output buffer will be designed as stmadbssible. A large input
capacitor directly contributed to the preceding stage and egrade the bandwidth. Thus, a

buffer with small input capacitance will be designed to relax pleeifications of LA.

Bandwidth
In addition, the bandwidth of output:buffer will be desidras high as possible to prevent

bandwidth degradation of systems. Typically, the output irapeel will be small.

Power Consumption
With a typical impedance level of %D, the output buffers or drivers must provide a large
output current so as to produce enough voltage swing. Tthyestsimore and more important

S0 as to lead the growing demand of low power consumption huffers

PCB

Transmission Line

50 Q 50 Q

Figure 5-6 Connection of this OEIC and an oscilloscope through a trasgmiline.
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5.2.1 Output Buffer Implementation

In the following, the output buffer implementations wi# discussed. This includes the

open-drain output buffer, simple differential output buffer frdibubler output buffer.

Open-Drain Output Buffer

As illustrated in Figure 5-7, the buffer exhibits relativieigh output impedance which isn’t
matched to the 5@. At higher speeds, such mismatches create significant reflectians th
travel back to the buffer, see a high impedance mismatch at the neareneflected again,
and reach the far end with some delay with respect to the origgredlsiAs a result, the
reception may experience ISI. The simulated eye diagram for a detafrdil0 Gbps in
0.184m technology is shown in Figure 5-8(a). The differential outpaveform is subjected

to severe ISl so as to destroy eye diagram. Its can be described as

V u -—
A= v itv = Om 2R (5-7)
inl n2

wheregni 2 is the tranconductance bf; andM,, andRy is transmission line’s characteristic

impedance, 5@.

Vin1 I

Figure 5-7 Open-drain output buffer.
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Figure 5-8 Open-drain output buffer.

Figure 5-9 A simple differential stage.

Simple Differential Output Buffer

As shown in Figure 5-9, the output buffer can also implemeyed simple differential
amplifier with 50Q load for near-end termination. Compared to the open-drain buffer, it
minimizes the reflections form the near-end. However, the 50 Wrkxutes the gain to be
0.5 times that of open-drain buffer with constant current consamp

The gain of a simple differential output buffer can be descilsed

A2 :A = gml,z( R_// EI)‘L) :M (5-8)

Vinl _VinZ 2

The simulated eye diagram is shown in Figure 5-8(b). ComparEdyure 5-8(a), the eye

diagram opens very clearly, but the differential output suwsrrgduced to about200 mV.
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Figure 5-10 Fr-doubler output buffer.

Fr -Doubler Output Buffer

For output buffer, large transistor size IS necessary toewehsuch a large current.
Unfortunately, the large size will produce substantial parasipacitance that will decrease
the signal bandwidth. To alleviate the load to preceding gagest adoubler [12] circuit
shown in Figure 5-10 is adopted. Compatredubler with a simple differential stage with the
same drive capability, one can get the idea thdbfibler has smaller input capacitance.

The gain of f~-doubler output buffer can be also described as:

\Y/

A), = out = gml,S(RL// R’L) + gn2,4( R// RL) gﬂ,2,3,4 R_
Vinl_VinZ 2 2 2

(5-9)

The above equation denotes that its DC gain is the same asf thasimple differential
amplifier. But, its current consumption is larger than a sirdfferential amplifier by 2 times

and output capacitance as well.

5.2.2 Output Buffer Comparison

Table 5-1 and Table 5-2 list the comparisons between the tiypes of output buffers,

which are open-drain output buffer, simple differential outputelband f-doubler output
63



buffer, with the same gain and with the same output swing.

In our designs, the impedance matching is very important betheslata rate is above 3
Gbps with PRBS signal. Thus, to get rid off the ISI duentcrowave reflection in the output,
the open-drain output buffer is not suitable for our design.

Besides, in order to relax the specifications of LA, theédubler is chosen owing to its low

input capacitance.

Table 5-1 Buffer’s performance comparison with the same DC gain.

Near-End Input Output
L ) ) Power
Termination | Capacitance | Capacitance
Open-Drain No 0.5Cegs 0.5Cour 0.5Ps
Simple Differential Yes Ces Cour Ps
Fr-Doubler Yes 0.5C¢s 2 Cour 2Ps

Table 5-2 Buffer's performance comparison with the same output swing.

Near-End Input Output )
L ) ) DC Gain
Termination | Capacitance | Capacitance
Open-Drain No 0.5Cgs 0.5Cour 2A
Simple Differential Yes Cas Cour Az
Fr-Doubler Yes 0.25Cgs Cour 0.5A;
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Chapter 6

Optical Recelver Realizations

This chapter presents the realization of monolithic CMOS optieakiver analog
front-ends (AFE) with two kinds ‘of :CMOS photodetectors. Botlo optical receiver
front-ends are capable of delivering 800 gith 50Q output loads after optical to electrical
conversion. Moreover, they are implemented in a standardunldigital CMOS technology.

Section 6.1 illustrates that the first optical receiver front-enctlwimtegrates a SML
detector, a TIA, and a post limiting amplifier on a single clilso, the OEIC architecture,
simulated results and measured results will be discussed.

We propose and utilize a lateral PIN detector emulated diiffision / P-well / Ndiffusion
interleaved architecture and surrounded by N-well and deep N-well to cnlla@ PD’s
responsivity and bandwidth. In section 6.2, the second htioically-integrated receiver
front-end is introduced. It also integrates the novel lateral RlSctbr, a TIA, and a limiting

amplifier on a single chip.
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6.1 A 3.125 Gbps AFE with SML Detector

6.1.1 SML Detector

An approach of fully CMOS optical receiver with high speed opearasidoy employing SML
detector. According to the simulated results, the responss/ipout 62 mA/W, while -3 dB
bandwidth is about 2.1 GHz by the SML detector which can%itl0 N-well/P-substrate
dark detectors (size: 2| dm x 65 um) and 10 N-well/P-substrate illuminated detectors (size:
2.1 um x 65 um) interleaved. To characterize more accurately the performance of the SML
detector, it was integrated with on-chip transimpedance amgbfieneasurement.

The experimental results are shown: in Figure 6-1. The measudc®l bandwidth is about
1.6 GHz. Compared to the N-well/P-substrate PN junction Pinses -3 dB bandwidth is
about 10 MHz. In other words, the SML detector can improvelimodetector bandwidth by
more than 2 orders. However, its bandwidth is still insu#fitifor a receiver operated above 3

Gbps.

1.2

> P : A i i
2 e e T REEE —
j I i H I A i i e i i
° RN R, L
o I Lo
ot 3 1 [ A A 1 [ A A A 1 1
o A Lo L
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[} 1 H I A 1 1 [ 1 1
D : S NN NN I A PN
T 04| LineTypeSMLdetector | L i i\
£ 20 N-well/P-sub Diodes | | | | i om
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) PD Reverse-Bias=1.2V | = = @ ' @@
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Figure 6-1 Measured magnitude response of SML detector.
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Figure 6-2 Optical receiver front-end architecture.

6.1.2 Architecture

This section describes the design of a 3.125 Gbps optical receieh monolithically
integrates a photodetector (PD), a TIA and a post limiting &iemp{PA) in a generic 0.18m
CMOS technology. The architecture of the optical receiver is showigure 6-2.

High speed operation is achieved by utilizing SML detettoorporating with adaptive
analog equalizer. In order to achieve an operating speed abobps3 &laptive equalizer is
also adopted to compensate the maodest frequency response of thdeBdtor which is
measured 1.6 GHz in -3dB bandwidth,

The transimpedance amplifier with a RGC stage at the impae is capable of tolerance
the large photodetector capacitance. The simulated results (ions&c8) show the TIA
provides a conversion gain of about 60Band a -3dB bandwidth of about 2.9 GHz to
compromise between input-referred noise and ISI.

The five-stage limiting amplifier with 3-stage linear amplifand 2-stage slicer (in section
4.3) is able to switch the signal at data rate 3.125 Gbps, #&ie f-doubler output buffer
with smaller input capacitance is utilized to relax the specifiocatad the limiting amplifier.

To the authors’ knowledge, this is the fully integrated CMip8cal receiver that exhibits
the highest operating speed reported to date. Besides, due tavelkelatv responsivity of

the SML detector, no automatic gain control circuit is neededsrdgsign.
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6.1.3 Test Chip

The layout of this optical receiver front-end with SML detectothmws in Figure 6-3. This
chip is implemented by 0.1m one-poly six-metal CMOS process, and measured |99
by 0.71um which is dominated by the limiting amplifier. It exh&B0 I / O pads, and the pad
descriptions are listed in Table 6-1. There are 22 pads connecteitherVpp or Gyp, 3 pads
(#1, #3 and #21) connected to large bypass capacitance |gf,R2loutput pads (#19 and #20)
connected to the AC coupling capacitance of @FLand delivering the output signals to
sampling scope, Agilent 86100C, 1 pad (#10) being the ismrtal to control the zero
location of the equalizer in case that the adaptive function fapad1l(#11) connected to the
variable resistance of 2AXkto adjust the input biasing current to the correct operating,po

and the other 1 pad (#16) being'unused.

30 29 28 27 26 25 24 23 22

1
, [ I e T 1
3 (BN | o i 20
4 119
S 118
6| 17
7| 16

8 9 10 11 12 13 14 15

Figure 6-3 Chip layout of OEIC with SML detector.
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Table 6-1 The pad descriptions of OEIC with SML detector.

PAD # Description PAD # Description
1 VEg1, to bypass capacitance 16 Unused pad
2 NMOS body, to Gnp 17 Ft-doubler Vpp
3 Vg2, t0 bypass capacitance 18 Ft-doubler Vpp
4 TIA Gno 19 VouT1, Output signal
5 TIA Vpp 20 VouT2, output signal
6 NMOS body, to Gnp 21 V.p, bypass capacitance
7 PMOS body, to Vpp 22 Ft-doubler Gnp
8 LA Gnp 23 Ft-doubler Gnp
9 LA Gnp 24 NMOS body, to Gnp
10 Verre, EQ control voltage 25 LA Gnp
11 Rgias, to 20 kQ variable. res. 26 LA Gnp
12 Biasing Circuit:Vpp 27 LA Vpp
13 LA Voo 28 LA Vbp
14 LA Vop 29 TIA Vpp
15 NMOS body, to Gnp 30 TIA Gnp

The measurement setup is shown as Figure 6-4. The OEIQuigtedoon a printed circuit
board for measurement. The eye diagrams and the bit error rate performeacicaracterized
using Anritsu MP1800. The pattern generator in the Anritsu8@PXkends a®21 PRBS test
pattern to modulate an 850-nm New Focus 10 Gbps VCSEL aghtadource. VSCEL
generates the 850-nm wavelength optical light which is guidethéynultimode fibers and
Cascade lightwave probe (fixed in the RF-1 Cascade probe station) pbdtueletector on
the OEIC. Between VCSEL and lightwave probe, the optical povadtaauated by OZOptics
digital attenuator for input sensitivity measurement. After amyiplif the photocurrent, the
OEIC sends a pair of differential output signal back to thatdgu MP1800 for bit-error-rate
test. At the same time, Anritsu MP1800 sends the unity-gaffer output and trigger signal

to the Agilent 86100C for eye diagram measurement.
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Figure 6-4 Measurement setup.

6.1.4 Measurement Results

The chip micrograph is shown in Figure 6-5. Implemented in a@rge®.18um CMOS
technology, the total chip area is about 740 by 990um. The area of photodetector is
65 um by 65um to comply with.the diameter of the multi-mode fiber.

The TIA is powered with a 3.3V supply to provide a sudfitivoltage headroom for the
photodetector, while the limiting amplifier is operated under glsit.8 V supply. The total
power dissipation is 175 mW, among which 30 mW is consubethe output buffer. By
cascading transimpedance amplifier and limiting amplifier on a single, ¢hée optical
receiver provides a conversion gain of 11@XB he overallfy.3gs IS about 2.46 GHz, which
is limited by the photodetector. It is capable of deliverifi 8nV,, differential voltage
swings to 52 output loads directly.

The bit error rate performance is summarized in Figure 6-6. Aseponsivity of the
photodetector is only about 62 mA/W, the input sensitilétsels with BER less than 1fat
2.5 Gbps and 3.125 Gbps are about -5.8 dBm and -4.2 dBractiegy. Figure 6-7 and

Figure 6-8 show the measured eye diagrams at 2.5 Gbps withakimum input power, -3
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dBm, and the input sensitivity level (-5.8 dBm). The datargtare about 16.64 ps(111.11
PSp and 19.79 pss (133.33 psy), respectively. In addition, Figure 6-9 and Figure 6-10
shows the measured eye diagrams at 3.125 Gbps with -3atighthe input sensitivity level
(-4.2 dBm). The data jitters are about 17.04.9&.08.44 ps,) and 16.86 pss (120.89 pgy),

respectively.

Figure 6-5 Ch|p mlcrograph of OEIC W|th SML detector.
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i g ; ~a—2500Mbps
1E-5 § § § § —d—3125Mbps

\

yd

1E

L
=]

1E-8

1E-9

1E-10

Bit Error Rate (1/sec)

1E-11

1E-12 i i ' '
=10 -9 -3 -7 -6
Input Power Level (dBm)

Figure 6-6 Measured bit error rate performance of the OEIC.
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Figure 6-7 Eye diagram _ ith the maximum input powelB13.

Figure 6-8 Eye diagram at 2.5 Gbps with sensitivity level, -5.8 dBm
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Figure 6-9 Eye diagram | / e maximum input povBeaBm.

Figure 6-10 Eye diagram at 3.125 Gbps with sensitivity level, ¢Ban.
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6.2 A 2.5 Gbps AFE with PIN Detector

6.2.1 PIN Detector

As shown in Figure 2-9, the PIN detector isis0 x 50um in active area and consists of 13
P-I-N fingers, the P+ and N+ stripes are 1,4®-wide, separated by a Oupa wide P-well
region. Thus a reasonable low (~ 2 to 6 V) reverse biased v@Wapes sufficient to deplete
the P-well region of the photodetector for a high speed oper@temording to the simulated

results, the responsivity is about 73 mA/W, while -3 dB kadth is about 1.9 GHz.

6.2.2 Architecture

This section describes the design of a 2.5 Gbps. optical receiveh wionolithically
integrates a PD, a TIA and a limiting amplifier-in a generl&um digital CMOS technology.
A novel PIN detector is proposed and adopted in the desitnowtitechnology modification.
The architecture of fully integrated optical receiver-is shown guré 6-11. The incoming
signal is converted to a photo current by an on-chip PIN detectoregenerated to a voltage
signal of 800 mYy, by a transimpedance amplifier (TIA), a limiting amplifier (LA). To

alleviate bandwidth degradation by parasitic capacitance of photamtetectgulated cascode

Req + o+
Ve WA DC Offset Cancellation
NKp ~ —
" light +\
VPIN - + +
RGC
| Ddark > m
1] 7
V""‘
RFZ - g w - g
R , Limiting Amplifier
———
Regulated Cascode TIA Buffer

Figure 6-11 Optical receiver architecture
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(RGC) topology is adopted as the input stage. In additio@, responsivity of this PIN
detector is not large enough to have an automatic gain control air¢his design.

The transimpedance amplifier with a RGC stage at the il is capable of tolerance
the large photodetector capacitance. The simulated results (ions&cB) show the TIA
provides a conversion gain of about 60CBand a -3dB bandwidth of about 2.9 GHz to
compromise between input-referred noise and ISI.

The five-stage limiting amplifier with 3-stage linear amplifand 2-stage slicer (in section
4.3) is able to switch the signal at data rate 2.5 Gbpsg, fie f-doubler output buffer with

smaller input capacitance is utilized to relax the specificatiortsedfrniting amplifier.

6.2.3 System Simulation Results

Figure 6-12 to Figure 6-15 show the post-simulated resiilise OEIC with PIN detector in
the front. The overall OEIC has a gain of 107 dB, -3 dB baritiwofl 2.0 GHz. The group
delay variation of OEIC with PIN detector and output buffeaxtisut +23 ps from 10 MHz to

2.5 GHz. Besides, the input-referred noise is 24uN the noise-bandwidth is 2.5 GHz.
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Figure 6-12 Magnitude responses of OEIC with PIN detector.
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Figure 6-15 Post-Simulated.eye diagram for OEIC with PIN detector

6.2.4 Test Chip

This OEIC is mounted on a printed circuit board for measurememhebsure the sensitivity
and eye diagram of this OEIC, the measurement setup is the s&igeras6-4.

The layout of this optical receiver with PIN detector isveh in Figure 6-16. This chip is
implemented by 0.1m one-poly six-metal CMOS process, and measured |n8& 0.62
pm which is dominated by the limiting amplifier. It exh&iR7 |1 / O pads, and the pad
descriptions are listed in Table 5-2. There are 19 pads connecteithter Wpp or Gyp , 2
pads (#3 and #4) for PD reversed-bias, 3 pads (#1, #2 and #I8cteh to large bypass
capacitance of 0.itF, 2 output pads (#16 and #18) connected to the AC cougdipgcitance
of 0.1 uF and delivering the output signals to sampling scope.eAgB86100C, 1 pad (#10)
connected to the variable resistance of 20t& adjust the input biasing current to the correct
operating point.
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Figure 6-16 Chip layout.of OEIC with PIN detector.

Table 6-2 The pad descriptions of OEIC with PIN detector.

PAD # Description PAD # Description
1 VEs1, to bypass capacitance 15 Ft-doubler Vpp
2 Vg2, t0 bypass capacitance 16 Vour1, output signal
3 PIN N-well, toVpp 17 NMOS body, to Gnp
4 PIN N*diff, toVpp 18 VouT2, output signal
5 NMOS body, to Gnp 19 V.p, bypass capacitance
6 NMOS body, to Gnp 20 Ft-doubler Gnp
7 PMOS body, to Vpp 21 Ft-doubler Gnp
8 LA Gnp 22 LA Gnp
9 LA Gnp 23 LA Gnp
10 Rsias, t0 20 kQ variable res. 24 LA Vpp
11 Biasing Circuit Vpp 25 LA Vpp
12 LA Vpp 26 TIA Vpp
13 LA Vpp 27 TIA Gnp
14 Ft-doubler Vpp
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6.2.5 Measurement Results

The TIA and limiting amplifier are operated under 3.3 V and 18upply, respectively. The
total power dissipation is 138 mW, among which 30 mWWassumed by the output buffer.
By cascading transimpedance amplifier and limiting amplifier @ingle chip, the optical
receiver provides a conversion gain of 107QdBThe overallfysgs is limited by the
photodetector. It is capable of delivering 800 gntfifferential voltage swings to 5Q output
loads directly. The chip micrograph is shown in Figure 6-1plémented in generic 0.18%n
CMOS technology, the total chip area is about @80by 620um.

When the PIN diode is reverse-biased in the low voltage (2 V)hatd voltage (6 V)
modes, the bit-error-rate performance’ was' summarized in Figure 6-1&igue 6-19,
respectively. The input sensitivity Ie\)el of ithe optical receivemizroved by less than 2 dB
for lower speed operation (1.25 Gbps) ih lth‘(la high voltage openatotg, implying that no

avalanche mechanism is found in the PIN detector. Also, urglebltage operating mode,

the input sensitivity level for bit-error-rate less thait4ét 1.25 Gbps and 2.5 Gbps are about

-10 dBm and -7 dBm, respectively.
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Figure 6-18 Measured BER performance @2V PD reversed-bias.
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Figure 6-19 Measured BER performance @6V PD reversed-bias.
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Figure 6-20 and Figure 6-21 shows the measured eye diagrathe ihigh voltage
operating mode for 1.25 Gbps and 2.5 Ghps with the inpsitsety level -10 dBm and -7

dBm, respectively. The data jitters are about 24,3s[§$84.9 ps,) and 30.96 pss (204.44

PSyp), respectively.

Figure 6-21 Eye diagrams at 2.5 Gbps with sensitivity level, -7 dBm.
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Table 6-3 Performance benchmark.

\ [6] [19] | [2] The 1st Work The 2nd work
Wavelength 850 nm
Architecture PD+TIA+EQ PD+TIA+LA | PD+TIA+LA PD+TIA+EQ+LA PD+TIA+LA
PD Type N-well / P-sub N-well / P-sub SML P/ P-well / N PIN
Maximum
3 Gbps 2 Ghps 0.5 Gbps 3.125 Gbps 2.5 Gbps
Speed
-10dBm@1.25Gbps -5.8dBm@2.5Gbps | -10dBm@1.25Gbps
Sensitivit -19dBm@3Gbps (BER=10") -8dBm@0:5Gbps (BER=10") (BER=10"9)
y (BER=10" -7dBm@2Gbps (BER=3x10"9) -4.2dBm@3.125Gbpy  -7dBm@2.5Gbps
(BER=10™) (BER=10") (BER=10"9)
TIA (16mW) TIA (16mW)
Power TIA+ EQ (34mW) TIA + LA (34mW) TIA (17mW)
o LA + EQ (129mW) LA (92mW)
Dissipation Buffer (16mWw) Buffer (17mW) LA (34mW)
Buffer (30mWw) Buffer (30mWw)
Output Swing N.A. 250 mVp 100 m\j,p 800 m\, 800 m\,,

Technology

0.18um CMOS Technology
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6.3 Performance Benchmark

Table 6-3 summarizes the performances of the state of the art modimuaesigns. In the
row of wavelength, the 850-nm wavelength optical light is umsedll of us.

In the row of architecture, the optical receiver integrates the RDTIA and LA on a
single chip except for [6] in Table 6-3. Since [6] has not integréte limiting amplifier, it
has not shown the output swing voltage in the reported joukisd, the output swing of our
OEICs is larger then [19] and [2] by 3.2 times and 8 tinnespectively. Thus, the power
consumption of our OEICs is also large, and most of the pmadissipated by the limiting
amplifier.

In the row of maximum speed, our, OEIC with SML detectohésrhost high-speed in the
table.

Compared with the same SMl: detector in-[19], [2] and SUOEIC, the sensitivities are
about the same. Nevertheless, [6] has the sensitivity level aiBaBwith the BER less than
10™ owing to the high responsivity PD and complicatedly equalBecause the different
equalizers and different weighting in [6], the ' OEIC may suifem PVT variation and low
yield rate.

Compared to the equalizer of [6], ours only exits a zero wkith compensate the roll-off
of the SML detector. Besides, our OEICs are high integratedgotei a PD, a TIA and a LA

on a single chip.
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Chapter 7

Conclusion

This thesis describes the - design of monolithically-integratgtical receiver front-end
fabricated in TSMC 0.18n one-poly and six-metal generic CMOS technology. To achieve
small form factor and cost-down, a photodetector, a transimpedancéiemaid a post
limiting amplifier are fully integrated in a single chip. Furthereyahe design methodology
and implementation techniques of optical receiver were presented. tdsgarch results can
be summarized as follows.

First, two gigabit-per-second photodetectors are implementeddiorsheed operation in
the optical communication. One is the spatially modulated (ML) detector consisting of
a row of photodetectors alternatively covered and uncovered witttdigcking materials;
the other is the novel PIN detector emulated bgiffusion / P-well / Ndiffusion interleaved
architecture.

Second, a trans-impedance amplifier with high-speed operatiatensnstrated. The

bandwidth is enhanced by the following techniques. (i) A loywut impedance TIA is
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implemented by regulated cascode gain stage composed of a corate@anplifier with its
gate controlled by a negative local feedback loop. (ii)) A ShuntSteedback technique is
adopted to reduce the impedance of each node in TIA.

Third, a limiting amplifier is accomplished. A Cherry-Hooper dirstructure with active
feedback is realized to achieve high-speed operation owing toigiter gain-bandwidth
product. Further, arfdoubler output buffer is designed to reduce the capacitive lodteto t
preceding stage.

Finally, an adaptive equalizer with a zero is incorporated tarex@the system bandwidth.
The zero can be adjusted by a feedback control loop which detects thsleplg of signal
waveforms. The two OEICs are implemented in a QuiBdigital CMOS process, the input
sensitivity levels with BER less than ¥0at 3125 Gbps and 2.5 Gbps are about -4.2 dBm

and -7 dBm respectively, and the differential output swingedfiat 800 m,.
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Appendix A

PCB Layout

Figure A-1 shows PCB layaut by using Allegro, angure A-2 shows the board measured
60 mmx 42 mm with all the components soldered- as well. The criticgl-fpeed output

signal paths are routed as short as possible to reduce the paggstidance on the PCB.

Figure A-1 Top layer of the PCB layout composed of 4 layers with RF-4.
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¢ 42 mm
Figure A-2 The PCB photograph measured 60 ma2 mm.
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