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Abstract : This p aper p resents a low noise ,1125Gb/ s and 124dBΩ f ront2end amplif ie r t hat is designed and f abrica2
ted in 0125μm CMOS technology f or op tical communication applications . Active induct or shunt p eaking technolo2
gy and noise op timization are used in t he design of a t rans2impedance amplif ier , w hich overcomes t he p roblem of

inadequate bandwidt h caused by t he large p arasitical cap acit or of t he CMOS p hot odiode . Exp erimental results indi2
cate t hat wit h a p arasitical cap acitance of 2p F , t his circuit works at 1125 Gb/ s . A clear eye diagram is obtained wit h

an inp ut op tical signal of - 17dB m. Wit h a p ower supply of 313V , t he f ront2end amplif ie r consumes 122mW and

p rovides a 660mV diff erential outp ut .
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1 　Introduction

Front2end amplifiers are key component s in
optical communication systems. A f ront2end ampli2
fier includes a t rans2impedance amplifier ( TIA )

and a limiting amplifier (L A) . The task of the TIA
is to t ransform a current signal f rom a p hotodiode
( PD) into a voltage signal and amplify it . The task
of t he L A is to f urther amplify t his small voltage
signal into a large ,invariable amplit ude voltage to
drive a time recovery circuit and data decision cir2
cuit . The performance of t he f ront2end amplifier in2
fluences the optical receiver directly. CMOS tech2
nology has t he merit s of low power consumption ,
low co st , high integration , and mixed integration.
PDs fabricated in CMOS technology have greater
area t han PDs fabricated in GaAs technology and a2
chieve a capacitance of about 2p F. Considering the
monolit hic integration of PDs wit h f ront2end am2
plifiers ,t his paper designs f ront2amplifiers for PDs
with large capacitance.

2 　Architecture of the front2end am2
pl if ier

　　Figure 1 shows a schematic diagram of the
f ront2end amplifier ,including t he TIA ,L A ,and an

outp ut buffer (OB) . It is well known t hat t radeoff s
between bandwidt h and PD capacitance are inevita2
ble and crucial in a conventional2source (CS) TIA.
Considering t hat t he capacitance of a CMOS p hoto2
diode is 2p F ,which is much higher than t he 015p F
of GaAs p hotodiodes , an improved CS TIA using
active inductor shunt peaking technology is adopt2
ed to extend t he bandwidt h. It int roduces a larger
feedback resistance , which increases t he t rans2im2
pedance gain and decreases t he inp ut2referred noise
current of t he TIA at a bit rate of 1125 Gb/ s. Thus
t his improved CS TIA has a wide band ,low noise ,
and high gain.

Fig. 1 　Diagram of f ront2end amplifier

The RC network can hold t he same operating
voltage on t he two differential inp ut s of t he L A
and inp ut t he single2ended high f requency signal
f rom the TIA into t he L A. The LA has a differenti2
al gain of 50dB and f ull differential st ructures to
reduce t he negative influence of t he power supply
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and temperature variation. The LA drives an OB
with a differential outp ut impedance of 100Ω ,
which provides a differential outp ut of 660mV.

3 　The Trans2impedance amplif ier

For a conventional CS TIA ,t he total inp ut ca2
pacitance can be expressed as Cin = CPD + Ct + Cpara ,
including t he capacitance CPD of t he PD , t he inp ut
capacitance Ct of t he amplifier ,and t he parasitic ca2
pacitance Cpara . The - 3dB bandwidth of t he TIA is
given by f - 3dB = 1/ 2πRin Cin . CPD plays an important
role in achieving t he bandwidt h of the CS TIA ,be2
cause the bigger CPD is , t he smaller t he bandwidt h
of t he TIA will be. Assuming t hat Rin = 100 , f - 3dB

= 1 GHz ,and Cin = 1/ 2πRin f - 3dB , t he Cin of t he CS
TIA can be simply calculated to be 1. 6p F ,which is
less than t he 2p F of t he CMOS PD. Therefore the
st ruct ure of a conventional CS TIA is not appropri2
ate. In order to meet t he requirement s of bandwidt h
and noise performance simultaneously , a new CS
TIA st ruct ure using active inductor shunt peaking
technology is p roposed. It is shown in Fig. 2.

Fig. 2 　Diagram of improved CS TIA

3. 1 　Active inductor shunt peaking

The bandwidt h of t he amplifier can be en2
hanced by t he inductive load in the second CS am2
plifier stage ( see Fig. 2) . This well2known tech2
nique ,called shunt peaking ,extends t he bandwidt h
by about 70 % in t he f requency response. The in2
ductive load can be implemented wit h a spiral in2
ductor or an active inductor ( Fig. 3) [2 ] . It is diffi2
cult to design a spiral inductor wit h a high induct2
ance (e. g. 35n H) while keeping t he self2resonance
well out side t he pass band (1 GHz) . Furt hermore ,a
spiral inductor consumes a large area. In cont rast ,
an active inductor is small and can operate at f re2
quencies up to about 811 GHz.

Fig. 3 　Active inductor shunt peaking

The equivalent L [ 2 ] and R[2 ] of t he active in2
ductor are expressed as follows :
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　　The L of t he active inductor increases wit h
Rg ,but t his increase is rest ricted. To avoid undesir2
able peaking in the f requency response ,L should be
set to Lopt = 014 R2 Ctot

[3 ,4 ] . From Eqs. (1) and (2) ,
when t he nMOS is set at a certain DC drop and
widt h ,t he optimal value of Rg can be expressed as

Rgopt = 014 R2 CtotωT = 014 × 1
ωT

×Ctot

C2
gs

(3)

where Ctot is t he equivalent outp ut capacitor as
shown in Fig. 3 , and Ctot = CLine + Cdb2 + Csb1 , wit h
t he assumption t hat Ctot≈Cgs1 . Thus ,

Rgopt =
014

ωT Cgsl
(4)

　　We set t he gate width of NM1 to 6μm ,after

obtaining Cgs1≈815f F ,and Rgopt ≈215kΩ by calcu2
lation. Figure 4 shows t he inductive bandwidt h ex2
tension of t he active inductor . The shunt peaking
with Rgopt = 215kΩ extends t he bandwidt h by about

60 % over t he case without shunt peaking
(i. e. Rg = 0) .

3. 2 　Equivalent input noise current of the TIA

The equivalent circuit of the CS TIA is shown

in Fig. 5 ,where i
2
eq is t he equivalent inp ut noise cur2

rent of t he CS TIA , i
2
Rfs = 4 k T/ Rf s is t he parallel

current noise of Rf s , i
2
n = 4 k Tγgm is t he cha nnel cur2

re nt noise of M1 , a nd v
2
R1 = 4 k TR1 is t he t he r mal
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Fig. 4 　Bandwidth extension by active inductor

Fig. 5 　Noise equivalent circuit of CS TIA
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　　The t otal i np ut2i nf e r red noise cur re nt de nsit y

is give n by
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　　From Eq. ( 6) , we know t hat t otal i np ut2i n2
f e r red noise cur re nt cor relates wit h Rfs , R1 , gm ,

Cp d , a nd Cgs . f T is t he unity cur re nt2gai n f reque n2
cy. W he n t he ba ndwidt h of t he TIA is 1 G Hz , Rfs

a nd R1 s hould be ma de as la rge as p ossible t o re2
duce t he t otal noise . At high f reque ncies , t he last

te r m of Eq . ( 6) becomes domi na nt . Si nce Cp d ≈
2p F , t he Cgs of M1 should be e nla rge d by i ncreas2
i ng t he gate widt h of M1 i n orde r t o decrease t he

noise . Howeve r , t he i nc rease of t he gate widt h of

M1 augme nts gm , w hic h e nla rges t he last te r m of

Eq. (6) . The ref ore , t he re a re some t ra de2of fs be2
twee n Cgs a nd gm , a nd a n op ti mum gate widt h of

N M1 exists .

3. 3 　Simulation results of the TIA

The TIA is simulated using Cadence Spect re
in 0125μm CMOS technology. The simulated re2
sult s are shown in Figs. 6 (a) , (b) ,and (c) .

First ,when Cpd≈2p F , Figure 6 (a) shows t hat
t he equivalent inp ut noise current density varies
with the NM1 gate width of t he improved CS TIA
( Fig. 2) . The minimum inp ut noise current density

of 11189pA/ Hz can be obtained wit h t he opti2
mum widt h of 284μm. The f requency responses of
t he improved CS TIA and the conventional CS TIA
are shown in Fig. 6 ( b) , where t he bandwidth of
each is 1 GHz and t heir t rans2impedance gains are
74dB ( Rf = 115 K) and 51dB ( Rf = 450) , respective2
ly. Their equivalent inp ut noise spect ral densities at

1 GHz are 1118 and 18181pA/ Hz ,respectively ,as
shown in Fig. 6 (c) .

Fig. 6 　Spect ral simulation result s 　(a) Equivalent input

noise current density versus gate width of NM1 ; (b) Simu2
lated f requency responses ; (c) Equivalent input noise spec2
t ral density
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Second ,when Cpd≈015p F , Figure 6 (a) also shows
t hat t he minimum inp ut noise current density of

4183pA/ Hz can be obtained wit h t he optimum
widt h of 145μm for M1. The t rans2impedance gain
of t he improved CS TIA and the conventional CS
TIA are 8518dB ( Rf = 3175 K) and 51dB ( Rf =
115 K) , respectively , as shown in Fig. 6 ( b) . Their
equivalent inp ut noise spect ral density at 1 GHz are

4183 and 6103pA/ Hz , respectively , as shown in
Fig. 6 (c) .

Typical simulation result s are listed in Table
1 ,which shows t hat t he improved CS TIA has bet2
ter performance t han the conventional CS TIA for
PDs wit h a high or low capacitance.

Table 1 　Typical simulated performance parameters

Circuit s
Cpd

/ p F

Trans2impedance

gain/ (dB ·Ω)

i 2
eq (1 G Hz)

/ (p A/ Hz)

Conventional

CS TIA

0 . 5 61 . 9 6 . 03

2 51 . 2 18 . 81

I mp roved

CS TIA

0 . 5 85 . 8 4 . 8

2 74 . 1 11 . 89

4 　Limiting amplif ier

Figure 7 ( a ) shows t he L A st ruct ure , which
contains three broad2band amplifiers , an outp ut
buffer ,and a DC feedback network. In order to im2

prove t he bias stability and reduce t he crosstalk a2
mong stages ,we adopt direct coupling between sta2

Fig. 7 　(a) Limiting amplifier st ructure ; (b) Broadband

amplifier

ges and provide independent bias for different sta2
ges. Figure 7 ( b) shows the circuit of each broad2
band amplifier [4 ] .

Due to t he high2gain and direct coupling , a
small voltage off set at t he inp ut causes t he outp ut
stage to sat urate and even makes t he circuit lo se it s
f unction of limiting amplifying. The DC feedback
networks ,which include R11 , R12 , R21 , R22 , C1 , and
C2 ,make t he circuit stable.

5 　Measured results

The chip has dimensions of 01666mm ×
01470mm = 01313mm2 ( Fig. 8 ) . Toget her with a
p ulse pattern generator (Advantest D3186) ,a dig2
ital sampling scope ( Agilent 86100A ) , a cascade
probe platform ,and 40 GHz microwave probes ,t his
chip is determined to achieve good performance by
probe testing. Wit h a 313V power supply , t he
f ront2end amplifier consumes 122mW.

Fig. 8 　Microphotograph of the f ront2end amplifier

5. 1 　Voltage measurements

Figure 9 shows t he measured eye diagrams of
t he f ront2end amplifier with a 1125 Gb/ s 231 - 1

Fig. 9 　Eye diagrams at a bit rate of 1125 Gbps 　(a)

Input voltage of 113mVpp ; (b) Input voltage of 111Vpp
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p seudorandom bit sequence ( PRBS) signal at inp ut
voltage amplit udes of 113mVpp and 111Vpp . The
single outp ut voltage swings are 334 and 329mV ,
respectively. The RMS jit ters are 15 and 10p s. The
dynamic range of t he inp ut voltage is 113mV ～
111V.

5. 2 　Optical measurements

For optical measurement s , a lightwave mul2
timeter (Agilent 83430A) and an at tenuator (Agi2
lent 8163B) are used as a light source. A p2i2n p ho2
todiode is used as an optical detector wit h a respon2
sivity of 018A/ W. A 1125 Gb/ s 23121 PRBS signal is
used as t he modulation signal . The sensitivity of
t he f ront2end amplifier is estimated to be -
17dBm , wit h a p hotodiode outp ut current of
1518μ A. Figure 1 0 shows eye diagrams at optical

Fig. 10 　Eye diagrams with optical signal input at

- 15dBm (2313μA) (a) and - 17dB m (1518μA) (b)

signal inp ut s of - 15dBm (2313μA) and - 17dBm.
The single outp ut voltage swings are 326 and
325mV , respectively. The RMS jit ters are 15 and
10p s , respectively.

6 　Conclusion

This paper p resent s a f ront2end amplifier de2
signed and fabricated in 0125μm CMOS technology
for optical communications. Active inductor shunt
peaking technology and noise optimization are used
in t he design of t he improved CS TIA ,which over2
comes t he inadequate bandwidth problem caused by
t he large parasitical capacitance of the CMOS p ho2
todiode and makes monolit hic integrated circuit s
with CMOS p hotodiodes into reality.
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低噪声 1125 Gb/ s 光接收机前端放大器 3

薛兆丰 　李智群 　王志功 　熊明珍 　李 　伟

(东南大学射频与光电集成电路研究所 , 南京　210096)

摘要 : 设计并实现了一种基于 TSMC 0125μm CMOS 工艺的低噪声、1125 Gb/ s 和 124dBΩ的光接收机前端放大
器. 跨阻放大器设计采用了有源电感并联峰化和噪声优化技术 ,克服了 CMOS 光检测器大寄生电容造成的带宽不
够的问题. 测试结果表明 ,在 2p F 的寄生电容下 ,前端放大器工作速率达到了 1125Gb/ s ,在光功率为 - 17dB m 的光
信号输入下得到了清晰的眼图. 芯片采用 313V 电压供电 ,功耗为 122mW ,差分输出电压幅度为 660mV .
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