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Differential Amplifier
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Year 2010

Thesis Advisor Assoc. Prof, Dr. Varakorn Kasemsuwan
ABSTRACT

This thesis proposes a design of a three novel thermal noise canceling transimpedance-
based amplifiers. The first amplifier, which is single-ended, employs noise canceling technique to
suppress the thermal noise of the circuit. The second amplifier is developed and has differential
structure, which then improves output swing and common mode rejection. ffhe circuit is designed
and can eliminate thermal noise at both output nodes. The third amplifier is an improved version
of the second amplifier by replacing PMOS current mirror whith NMOS current mirror. The
circuits are designed based on 0.13 pm CMOS technology using the supply voltage of 1.2 V.
HSPICE (level 49) and L-Edit are used to verify the circuit performance and layout the circuit
respectively. The simulation results show gain of 41.6 dB, and bandwidth of 1.47 GHz. The noise

figure is 2.92 dB, while the power dissipation is 13 mW.
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A High Performance Thermal Noise-Canceling

Transimpedance-Based Differential Ampliﬁer

Skawrat Wangtaphan

Dept. of Electronics, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
Bangkok 10520, THAILAND
E-mail: aom_skawrat@hotmail.com

Abstract— This paper presents a design of 1.2 V thermal noise-
canceling differential amplifier using 0.13 um CMOS technology.
The amplifier employs a CMOS inverter-based transimpedance
amplifier, and a noise-canceling circuitry. The thermal noise-
canceling circuitry is used to cancel channel thermal noise of the
input MOSFET. The simulation result shows the noise figure of
2.32 dB. The gain and bandwidth of the amplifier are 42,14 dB
and 2 GHz respectively. The power dissipation is 13 mW,

Keywords-transimpedance amplifier; differential amplifier;
noise-canceling; thermal noise; CMOS inverter

I. INTRODUCTION

The technology of data communication systems is
advancing rapidly in high bit rate for both short and medium
ranges. In those systems, it is well known that the design of
the front-end amplifier is the most difficult task, because it
plays a crucial role in dictating the whole system performance.
The design involves careful optimization of a number of trade
offs between bandwidth, gain, noise and power dissipation. In
the design, transimpedance amplifier is usually employed as
the front end to amplify a weak input signal. For example, in a
hard-disk drive systems, transimpedance amplifier (Z
amplifier) is used to amplifier the read back signal from the
biased magneto-resistive (MR) read sensor [1-5]. Similarly, in
the optoelectronic front end, transimpedance amplifier is used
to convert the optical signal into electrical signal [6-8].

With recent advance in fabrication technology for ultra
high speed devices, several Z amplifiers have been
successfully designed and developed as gigahertz-band
amplifiers using HI-V [9], SiGe [10], Bipolar [11] and
BiCMOS based technologies [12]. However, as to the
advanced performance progress in deep sub-micron MOSFET
technology, MOSFET becomes a promising option to realize
high speed and high frequency integrated circuits. MOSFET
offers low cost, low power consumption, small silicon area
and compatibility with the dominant transistor technology in
both analog and digital applications. In addition, MOSFET can
achieve very high cutoff frequency, but at a much lower cost.

Noise is one of very important issues in the design of
front-end amplifier. This is due to the fact that noise represents
a lower limit to the size of electrical signal that can be
amplified by a circuit without significant deterioration in

Identify applicable sponsor/s here. (sponsors)
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signal quality. Noise also results in an upper limit to the useful
gain of an amplifier, because if the gain is increased without
limit, the output stage of the circuit will eventually begin to
limit on the amplified noise from the input stages. In the
MOSFET, the channel can be treated as resistor. As a result,
MOSFET exhibits thermal noise, which is a major source of
noise in MOS transistor.

Several circuit designs for low noise using noise canceling
technique [13-16] have been proposed. Their results exhibit
low noise figure and gain enhancement. In this paper, we
present a 2 GHz and 42.1 dB low noise CMOS
transimpedance-based differential amplifier. The circuit is
developed based on a transimpedance amplifier, which
employs CMOS inverter as a core part. The circuit is realized
using a 0.13 pm CMOS technology and operates under the
supply voltage of 1.2 V. Noise-canceling circuitry, consisting
of CMOS inverter and current mirror circuit, is incorporated
into the circuit. The paper is organized as follows. Section Il
describes the fundamental operation of the proposed amplifier
and the noise-canceling technique. Section I1I shows the results
and discussions. Finally, section IV presents the conclusion.

II.  TRANSIMPEDANCE AMPLIFIER AND NOISE-CANCELING
PRINCIPLE

A, Transimpedance Amplifier

The Z amplifier can be classified into two configurations;
open-loop and closed-loop amplifiers. In the open-loop
configuration, good sensitivity and large bandwidth can not be
obtained simultaneously. A better approach is to use a closed-
loop configuration. The closed-loop configuration avoids the
dynamic range problem, and provides a good compromise
between the wide bandwidth and low noise performance.
Feedback resistor can be placed across the gain stage, because
it does not need to carry bias currents allowing the circuit to
operate with more voltage headroom. As a result, thermal noise
from feedback resistor is reduced, while the bandwidth can be
matched to that of the signal eliminating the need for
equalization simultaneously.
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Figure 1. a) CMOS inverter b) Inverter-based transimpedance amplifier

In this work, a proposed amplifier is developed based on a
closed-loop transimpedance amplifier. The open-loop
amplifier employs CMOS inverter as shown in Fig. la). It is
well known that CMOS inverter has no internal nodes. As a
result, the performance of the circuit will not be degraded by
the extra parasitic poles and zeros, when operated at high
frequency. In addition, CMOS inverter has good linearity in
voltage to current conversion. A closed loop transimpedance
amplifier can be realized by connecting Rg between the input
and output (shunt-shunt feedback) as illustrated in Fig. 1b).

B.  Noise-canceling principle

Fig. 2 shows a single-ended transimpedance amplifier with
a thermal noise-canceling circuitry. The amplifier consists of
the transimpedance amplifier (Mq.;; and Rg) as shown in Fig.
1b), and an additional noise-canceling circuitry (Mgz.,2 and M.
p3)- To be discussed next, this noise-canceling circuitry serve
the purpose to eliminate the thermal noises associated with
transistors M, and M. Notice that the additional circuitry is
very simple, and realized by using only two CMOS inverters.
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Figure 2. Single-ended noise-canceling amplifier

The operation of the circuit can be explained as follows.
The input signal Vs (solid line) undergoes a feedforward
amplification, i.e., the input signal is first amplified by the
transimpedance amplifier (M,1.,1), and further amplified by
CMOS inverters (M;2.52 and M33). The output signal is then
taken differentially (between nodes C and D). Notice that the
signals at nodes C and D are 180 degree out of phase. As a
result, the differential output signal V,,, is larger than the signal
either at node C or D alone. This translates to an increase in the
voltage gain of the system. In addition, the differential output
structure has advantage over single-ended output in that it
enables a circuit to reject wide-band noise better.

In term of the channel thermal noise current (dotted signals)
of a transistor My, let’s consider the i, which flows
between the drain and source terminals. This thermal noise
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current will flow through Rp and Rg, resulting in inphase
thermal noise voltages at nodes A and B. Noise voltages at
nodes A and B are then amplified via CMOS inverters M,
and M3, respectively, resulting in the thermal noise output
voltages at nodes C and D respectively. Unlike the input signal
case, the thermal noise voltages at nodes C and D are inphase.
Because the output signal ¥, is taken differentially, the output
thermal noise voltage associated with transistor M,, could be
completely eliminated, provided that the magnitude of thermal
noise voltages at nodes C and D are the same. This can be
achieved by properly designing the gains of inverters M, and
Ms.p3, using appropriate transistor sizing in My and Muaya.
The channel thermal noise current of the transistor My, could
also be eliminated using the same explanation.

It is instructive to note that, the noise from the noise-
canceling circuitry is also added into the system. As a result, its
noise contribution to the amplifier has to be investigated. In
fact, the noise contributions from inverters M, 52 and My g3 are
relatively quite small, compared with the noises from M,
and Rg. This is because noises from inverters M., and M3
are divided by a larger gain, when referred to the input.

C. Differential Noise-canceling Amplifier Design

The differential structure is one among the most important
structures used in most designs. This is because differential
structure has several advantages over single-ended counterpart,
i.e., high common-mode noise rejection, larger output voltage
swing and higher linearity. Fig. 3 shows a differential amplifier
with noise-canceling circuitry based on the amplifier in Fig. 2.
As seen, both circuits are very similar, namely, Map-Mpiap
and Rp,p in Fig. 3 form transimpedance amplifiers similar to
M1 and Re in Fig. 2 and Mpgap-Map and M,y form noise
canceling circuitry similar to M4, and My, Two current
mirror circuits (Mpsap - Magap) serve the purposes to both
enhance the voltage gain and, at the same time, to eliminate
thermal noise of My;,p1a (to be discussed).

The input signal Vg2 (solid line) undergoes a feedforward
amplification similar to that of the singled-ended amplifier in
Fig. 2. In addition, M4, converts the voltage signal at node B
to the current signal, which is then supplied as an input current
to a current mirror (Mys, = Mye,). The output current (igpunea))
signal is then added constructively with the current signal
generated by My, As a result, the output current driving
capability of the proposed differential amplifier is increased.

Similarly, the noise canceling mechanism of the amplifier
can be explained in the same manner as the single-ended
amplifier in Fig. 2. However, it is noted that the channel
thermal noise current of M,,, (dotted line) can be transferred to
both nodes C and D via M;3,. To get rid of this thermal noise, a
current mirror (M;5,-M,6,), With an appropriate current gain, is
designed to mirror the noise current as a result of i, which
has the same magnitude but opposite phase, to the node C. To
eliminate a thermal noise current of M,,, at node D, inverter
Mpza.p2a With appropriate sizing is employed similar to that of
the single ended amplifier in Fig. 2. The channel thermal noise
current of the transistors Mp;, and Mpn can also be
eliminated using the same explanation.
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Figure 3. Proposed amplifier
The noise figure (NF) and gain (4,) of the proposed . \/mocfu(GA'lROIR;l 2r7) &)

amplifier in Fig. 3 can be analyzed and shown as
NF =2ayK, [G,wvs (K +X, )T [thzv: {Gm +Gygs +(Gawa + Gas) (GAWGGA-I;IS )2 }]
+2a‘YKJGMIRl§I (GAtNdGAINGRONJKZ 'GAINJGAWSKJRS +GMZGAINSR0NJK2 )1
+2K, [ (GuesGive + GaraGiws ) RowsKy + GransGamsKsRs |
+ 200K, [Gus (K, + K, [GisK? 1 1
R [(GrovuGraueGts + Gurz H Ga R ~VRon +( Re + Ry JGyae | ?)
i [2R + Ry + Roy(2 + GyyRs)]
where K, =R, (24 Gy \Rs ), Ky =2Re +Rs, Ky =Ron+Rony, Roy = Rows # Ropis
Ky =[(GonsGras +GoraGrwes HGan R - Ry Rogs + GrasGags (Re + Ro JK T
Ry = Rypy # Rowys Ron = Roy #/ Rowe 5 Roy, = Ros
Gy =Gus and i=1,23.4

s Gri = Gam + Gy s

From (1), it is obvious that major sources of noise come
from the channel thermal noise associated with Mayap - Mpjap
which are given by the second term. It is noted that we can get
rid of this term if the ratio of Rr and Ry satisfies the following
condition

GiwsGaws (Ron + Rows) =&+|. 3
GiwiGrveRows + Gp:GamsRows Rs ( )

By applying small signal analysis, the transfer function of
the proposed amplifier can be derived and shown as

2G, R, GG, 2w, (2R + G,y Ry Ry
( anllo Re "J(Gm+ Aova ,mvr.] . o (2Rr + Gy RoiRs) GusRo
Vow _ CoRp Ry Giavs | ReRC,, (24 G Ry)
Ve 2 ! 2 [ GyiRe , 2
2+ W, + b s+ =2] 2oy 2
’ (‘”" Cutr CR] C( TR @

where ¢, = Comy ¥ Copurn * (Cg-l(MNI) +Ctuirn ) (1+ Gy Ron ) + Coppavny
+Cg-l(.llN]) (14 GysRons )
(2+G, R )R + ZRF)-I

o, =
G
[Cp(MNZ) +Courn FCppamay + (Cg\I(MNZ) +Cotrryy ) (GuzRo)+ Corpanay (%)]

AV S
respectively.
From (4), one can rearrange the denominator in the form

sH420w,s+w,?, where the natural frequency (w,) and damping
factor ({) can be shown as

L= [mo +(C,Re )-l +2(C,Rs )-l][z\/woci;l (GMIROIR;'I +2R]! )].I 6)

If the damping factor is set to 0.707, then w.3¢p 1s shown as

N7 2R, 24k (20| (7
m—].m C,,,R,.- J(GAIIRGI+ Rs ][GMIROI.*-J(GMIROI) R_( ( RSF) ] ( )

The input impedance (R;,) and output impedance (R,,) of
the proposed amplifier can also be derived and shown as
R _2(R0I+RF) (8)

il Gy +1’

i S— 2Roy RowiRovs (9)
™ Ry (Ros + Rau ) + RosRows

HII. RESULTS AND DISCUSSIONS

To evaluate the performance of the proposed circuit, the
simulation is performed, using HSPICE with a 0.13 pm CMOS
technology, under the supply voltages of 1.2 V. In this work,
the bias currents are designed to achieve low power and high
bandwidth. In addition the input impedance in (8) is also
designed to match with the source impedance (50 Q). This
matching serves the purpose to achieve maximum power
transfer and minimize any reflection. The output impedance of
the circuit is 5.2 kQ. The simulations results show high
performance characteristics, namely, large voltage gain, wide
bandwidth, low noise figure and low power dissipation.

Fig. 4 shows a comparison of a noise figure from Fig. 1b
(dotted), Fig 2 (dashed) and Fig. 3 (solid). The noise, which
extends over the amplifier bandwidth, mostly comes from
channel thermal noises. As seen, the noise figure of the
proposed amplifier is found to be around 2.32 dB.

Fig. 5 shows a frequency response of the proposed
differential amplifier in Fig. 3. As seen, the passband gain is
42.1 dB while the bandwidth is 2 GHz.

Fig. 6 shows an eye diagram of the proposed amplifier. The
simulation shows 99.8% and 97% horizontal eye opening and
vertical eye opening at the data rate of 1.4 Gb/s respectively.
As seen, the eye is wide opening, indicating that the proposed
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amplifier can operate at high bit rate with small IS] and bit
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Figure 6. Eye diagram of the proposed amplifier

IV. CONCLUSION

This paper presents a thermal noise-canceling differential
amplifier. The amplifier is developed based on a CMOS
transimpedance-based amplifier and a noise-canceling
circuitry. The thermal noise-canceling circuitry is very simple,
and consisting of CMOS inverter and current mirror. The
simulation results show that the proposed circuit has noise
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figure lower than that obtained from the amplifier without
noise-canceling circuitry. The circuit shows large bandwidth,
large gain and small power dissipation. The circuit can be
employed as front end amplifier in reading circuitry of hard
disk drive (HDD).
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A 1.2 Volt Thermal Noise-Canceling
Transimpedance-Based Differential Amplifier

Skawrat Wangtaphan
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Abstract— This paper presents a design of 1.2 V thermal noise-
canceling differential amplifier using 0.13 um CMOS technology.
The amplifier employs a CMOS inverter-based transimpedance
amplifier, and a noise-canceling circuitry. The thermal noise-
canceling circuitry is used to cancel channel thermal noise of the
input MOSFET. The simulation result shows the noise figure of
2.42 dB. The gain and bandwidth of the amplifier are 42.6 dB
and 1.72 GHz respectively. The power dissipation is 12 mW.

Keywords-transimpedance amplifier; differential amplifier;
noise-canceling; thermal noise; CMOS inverter

L. INTRODUCTION

The technology of data communication systems is
advancing rapidly in high bit rate for both short and medium
ranges. In those systems, it is well known that the design of
the front-end amplifier is the most difficult task, because it
plays a crucial role in dictating the whole system performance.
The design involves careful optimization of a number of trade
offs between bandwidth, gain, noise and power dissipation. In
the design, transimpedance amplifier is usually employed as
the front end to amplify a weak input signal. For example, in a
hard-disk drive systems, transimpedance amplifier (Z
amplifier) is used to amplifier the read back signal from the
biased magneto-resistive (MR) read sensor [1-5]. Similarly, in
the optoelectronic front end, transimpedance amplifier is used
to convert the optical signal into electrical signal [6-8].

With recent advance in fabrication technology for ultra
high speed devices, " several Z amplifiers have been
successfully designed and developed as gigahertz-band
amplifiers using I1I-V [9], SiGe [10], Bipolar [11] and
BiCMOS based technologies [12]. However, as to the
advanced performance progress in deep sub-micron MQSFET
technology, MOSFET becomes a promising option to realize
high speed and high frequency integrated circuits. MOSFET
offers low cost, low power consumption, small silicon area
and compatibility with the dominant transistor technology in
both analog and digital applications. In addition, MOSFET
can achieve very high cutoff frequency, but at a much lower
cost.

Noise is one of very important issues in the design of
front-end amplifier. This is due to the fact that noise represents
a lower limit to the size of electrical signal that can be
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amplified by a circuit without significant deterioration in
signal quality. Noise also results in an upper limit to the useful
gain of an amplifier, because if the gain is increased without
limit, the output stage of the circuit will eventually begin to
limit on the amplified noise from the input stages. In the
MOSFET, the channel can be treated as resistor. As a result,
MOSFET exhibits thermal noise, which is a major source of
noise in MOS transistor.

Several circuit designs for low noise using noise canceling
technique [13-16] have been proposed. Their results exhibit
low noise figure and gain enhancement. In this paper, we
present a 1.72 GHz and 42.6 dB low noise CMOS
transimpedance-based differential amplifier. The circuit is
developed based on a transimpedance amplifier, which
employs CMOS inverter as a core part. The circuit is realized

- using a 0.13 pm CMOS technology and operates under the

supply voltage of 1.2 V. Noise-canceling circuitry, consisting
of CMOS inverter and current mirror circuit, is incorporated
into the circuit. The paper is organized as follows. Section II
describes the fundamental operation of the proposed amplifier
and the noise-canceling technique. Section III shows the
results and discussions. Finally, section IV presents the
conclusion.

II. TRANSIMPEDANCE AMPLIFIER AND NOISE-CANCELING
PRINCIPLE

A. Transimpedance Amplifier

The Z amplifier can be classified into two configurations;
open-loop and closed-loop amplifiers. In the open-loop
configuration, good sensitivity and large bandwidth can not be
obtained simultaneously. A better approach is to use a closed-
loop configuration. The closed-loop configuration avoids the
dynamic range problem, and provides a good compromise
between the wide bandwidth and low noise performance.
Feedback resistor can be placed across the gain stage, because
it does not need to carry bias currents allowing the circuit to
operate with more voltage headroom. As a’ result, thermal
noise from feedback resistor is reduced, while the bandwidth
can be matched to that of the signal eliminating the need for
equalization simultaneously.
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Figure 1. a) CMOS inverter b) Inverter-based transimpedance amplifier

In this work, a proposed amplifier is developed based on a
closed-loop transimpedance amplifier. The open-loop
amplifier employs CMOS inverter as shown in Fig. 1a). It is
well known that CMOS inverter has no internal nodes. As a
result, the performance of the circuit will not be degraded by
the extra parasitic poles and zeros, when operated at high
frequency. In addition, CMOS inverter has good linearity in
voltage to current conversion. A closed loop transimpedance
amplifier can be realized by connecting R between the input
and output (shunt-shunt feedback) as illustrated in Fig. 1b).

B. Noise-canceling principle

Fig. 2 shows a single-ended transimpedance amplifier with
a thermal noise-canceling circuitry. The amplifier consists of
the transimpedance amplifier (M, and Rg) as shown in Fig.
1b), and an additional noise-canceling circuitry (Mnz.p2 and M.
p3)- To be discussed next, this noise-canceling circuitry serve
the purpose to eliminate the thermal noises associated with
transistors My, and M. Notice that the additional circuitry is
very simple, and realized by using only two CMOS inverters.
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Figure 2. Single-ended noise-canceling amplifier

The operation of the circuit can be explained as follows.
The input signal Vs (solid line) undergoes a feedforward
amplification, i.e., the input signal is first amplified by the
transimpedance amplifier (M;,.;1), and further amplified by
CMOS inverters (Mp.p2 and Mi.p3). The output signal is then
taken differentially (between nodes C and D). Notice that the
signals at nodes C and D are 180 degree out of phase. As a
result, the differential output signal V,,, is larger than the signal
either at node C or D alone. This translates to an increase in the
voltage gain of the system. In addition, the differential output
structure has advantage over single-ended output in that it
enables a circuit to reject wide-band noise better.

In term of the channel thermal noise current (dotted signals)
of a transistor My, let’s consider the i,y4;, which flows
between the drain and source terminals. This thermal noise

Identify applicable sponsor/s here. If no sponsors, delete this text box.
(sponsors)
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current will flow through Ry and Rg, resulting in inphase
thermal noise voltages at nodes A and B. Noise voltages at
nodes A and B are then amplified via CMOS inverters Mp,.p;»
and M3, respectively, resulting in the thermal noise output
voltages at nodes C and D respectively. Unlike the input signal
case, the thermal noise voltages at nodes C and D are inphase.
Because the output signal V,,, is taken differentially, the output
thermal noise voltage associated with transistor M, could be
completely eliminated, provided that the magnitude of thermal
noise voltages at nodes C and D are the same. This can be
achieved by properly designing the gains of inverters My, ;2 and
M3.53, using appropriate transistor sizing in Muz.p2 and Mps.p3.
The channel thermal noise current of the transistor M, could
also be eliminated using the same explanation.

It is instructive to note that, the noise from the noise-
canceling circuitry is also added into the system. As a result, its
noise contribution to the amplifier has to be investigated. In
fact, the noise contributions from inverters My, ;> and M. are
relatively quite small, compared with the noises from M,y
and Rg. This is because noises from inverters My, and Mgz 3
are divided by a larger gain, when referred to the input.

C. Differential Noise-canceling Amplifier Design

The differential structure is one among the most important
structures used in most designs. This is because differential
structure has severa!l advantages over single-ended counterpart,
i.e., high common-mode noise rejection, larger output voltage
swing and higher linearity. Fig. 3 shows a differential amplifier
with noise-canceling circuitry based on the amplifier in Fig. 2.
As seen, both circuits are very similar, namely, M. 5-Mpiap
and Rg,yp in Fig. 3 form transimpedance amplifiers similar to
Mai.p and Rg in Fig. 2 and Myyap-Mpaap and My, p form noise
canceling circuitry similar to M,.» and Mo3.,3. Two current
mirror circuits (Mpap - Mpsp) Serve the purposes to both
enhance the voltage gain and, at the same time, to eliminate
thermal noise of Mr..p1a, Which can appear at the output (to be
discussed).

The input signal V¢/2 (solid line) undergoes a feedforward
amplification similar to that of the singled-ended amplifier in
Fig. 2. In addition, M,4, converts the voltage signal at node B
to the current signal, which is then supplied as an input current
to a current mirror (Mps, - Mpsa). The output current (igpvpsay)
signal is then added constructively with the current signal
generated by Mg, As a result, the output current driving
capability of the proposed differential amplifier is increased.

Similarly, the noise canceling mechanism of the amplifier
can be explained in the same manner as the single-ended
amplifier in Fig. 2. However, it is noted that the channel
thermal noise current of M, (dotted line) can be transferred to
both nodes C and D via M_3,. To get rid of this thermal noise, »
current mirror (M3,-Mp,), With an appropriate current gain, i
designed to mirror the noise current as a result of i,am, which
has the same magnitude but opposite phase, to the node C. To
eliminate a thermal noise current of M,,;, at node D, inverter
Mi2a.p20 With appropriate sizing is employed similar to that of
the single ended amplifier in Fig. 2. The channel thermal noise
current of the transistors My, and Mgpp, can also be
eliminated using the same explanation.
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Figure 3. Proposed amplifier
The noise figure (NF) and gain (d4,) of the proposed co,,=Jt%C,,‘,' (GA,,R,,,R;'+2R;') ®

amplifier in Fig. 3 can be analyzed and shown as

2 2
NF =2ayK, [GAlPd (K +K, )J {R(Z).va [Gluz +Gipy + Gy (Gaa / Gusps) ]+GAINJKJZ}
+2ayK,Gy,, thn (GMNJGMPJRONJKZ -GamiGipaK3Rs + Gy yGripaRonsKy )z
2
+2K, [(GMNAGAIPJ +G113Gipe ) Rows Ky + G Guupa K JR:] +1 (1 )

_ -2R, [(GAWJGMP]GA-{;’»! +Gn NG Re -1)Roy +(Re + Ro:)G.um] (2)
[2RF +Re+ Roy(2 + GMIRA')]

where K, = Ry, (2+Gy\Rs)s Ky =2Re + Ry, Ky = Rogy + Roprsy Ry = Rowy #/ Ropys
K, =[(GAIN'IGAIP) +Gyy3Gypa )Gy Re - YRoy Rows + GaansGagpa( Re + Roy )Kg].z s

Ro = Rop #/ Ros, Royy = Roy // Ropy 5 Ry = Ro
Gy =Gy and i=1,2,34

> Gag = G + Gy »

From (1), it is obvious that major sources of noise come
from the channel thermal noise associated with My .5 - Mpap
which are given by the second term. It is noted that we can get
rid of this term if the ratio of Rr and Ry satisfies the following
condition

G sGupa (Rogy + Rowy) =%‘_+1. (3)

GiwiGrrslions + GaraGupafons Ry

By applying small signal analysis,.the transfer function of
the proposed amplifier can be derived and shown as

2GR Rr Gt GiwsGupes Ry + 20, (ZRF +Gy R Ry ) R,
C,ReR MG, RRSC, 2+ Gogls) |
Helly FRsCi s

MPA

v, R 1 2 0 (GuRor . 2
2 +| 0y + ——+ po| Dantor, 2
* ( C.Rr ch,Rs)‘ ch.( R R, @

in

where Ci, =Cppm + Copumy + (Cxul(}llNl) +Copriryy )(l +GanRou J+ Couqpavyy
+anl(AlN]) (] +GywaRows )

(24G R (R +2R. )"

Wy = .
G,
[Cpuwz) + C;v(AfPZ) +C o) +(Cx:I(MN2) Capry )(Gle %)+, pd{hv) [GA—‘:]]
4

respectively.

From (4) one can rearrange the denominator in the form
s’4+20w,s+w,’, where the natural frequency (w,) and damping
factor (¢) can be shown as

&=[00+(CoRe )" +2(Cults) ][z‘/m,,cb, (Gur R R +2R5 )]' (6)

If the damping factor is set to 0.707, then w.gqp is shown as

©Lsp = C‘R \/[Q,,&w—-][@,.&. \/(GM.RO,)’—“i [m‘” ™

The input impedance (R;,) and output impedance (R,) of
the proposed amplifier can also be derived and shown as

Z(Rm-{-RF)
¥ GuiRoy +1 (8)
_ 2R Rey 9
" Roy+ Ros ( )

I1I.  RESULTS AND DISCUSSIONS

To evaluate the performance of the proposed circuit, the
simulation is performed, using HSPICE with a 0.13 um CMOS
technology, under the supply voltages of 1.2 V. In this work,
the bias currents are designed to achieve low power and high
bandwidth. In addition the input impedance in Eq. (8) is also
designed to match with the source impedance (50 Q). This
matching serves the purpose to achieve maximum power
transfer and minimize any reflection. The output impedance of
the circuit is 5.2 kQ. The simulations results show high
performance characteristics, namely, large voltage gain, wide
bandwidth, low noise figure and low power dissipation.

Fig. 4 shows a comparison of a noise figure from Fig. 1b
(dotted), Fig 2 (dashed) and Fig. 3 (solid). The noise, which
extends over the amplifier bandwidth, mostly comes from
channel thermal noises. As seen, the noise figure of the
proposed amplifier is found to be around 2.42 dB.

Fig. 5 shows a frequency response of the proposed
differential amplifier in Fig. 3. As seen, the passband gain is
42.6 dB while the bandwidth is 1.72 GHz.

Fig. 6 shows an eye diagram of the proposed amplifier. The
simulation shows 99% and 97% horizontal eye opening and
vertical eye opening at the data rate of 1.4 Gb/s respectively.
As seen, the eye is wide opening, indicating that the proposea



amplifier can operate at high bit rate with small ISI and bit
error rate.
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IV. CONCLUSION

This paper presents a thermal noise-canceling differential
amplifier. The amplifier is developed based on a CMOS
transimpedance-based amplifier and a noise-canceling
circuitry. The thermal noise-canceling circuitry is very simple,
and consisting of CMOS inverter and current mirror. The
simulation results show that the proposed circuit has noise
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figure lower than that obtained from the amplifier without
noise-canceling circuitry. The circuit shows large bandwidth,
large gain and small power dissipation. The circuit can be
employed as front end amplifier in reading circuitry of hard
disk drive (HDD).
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In this work, a proposed amplifier is developed based on a
closed-loop transimpedance amplifier. The open-loop
amplifier employs CMOS inverter as shown in Fig. 1a). It
is well known that CMOS inverter has no internal nodes.
As a result, the performance of the circuit will not be
degraded by the extra parasitic poles and zeros, when
operated at high frequency. In addition, CMOS inverter has
good linearity in voltage to current conversion. A closed
loop transimpedance amplifier can be realized by
connecting Rp between the input and output (shunt-shunt
feedback) as illustrated in Fig. 1b).

Fig. 2 shows a proposed transimpedance amplifier with a
thermal noise-canceling circuitry.  From Fig. 2, the
proposed amplifier consists of the transimpedance amplifier
(Mny.p1 and Rp) as illustrated in Fig. 1b), and an additional
noise-canceling circuitry (Mu.;z and Mpa).  To be
discussed next, this noise-canceling circuitry serve the
purpose to eliminate the thermal noises associated with
transistors My; and M;;. Notice that the additional circuitry
is very simple, and realized by using only two CMOS
inverters.

The operation of the circuit can be explained as follows.
The input signal Vs (solid-line signals) undergoes a
feedforward amplification, i.e., the input signal is first
amplified by the transimpedance amplifier (M;.p1), and
further amplified by CMOS inverters (My22 and Ma.pa).
The output signal is then taken differentially (between nodes
C and D). Notice that the signals at nodes C and D are 180
degree out of phase. As a result, the differential output
signal V,,, is larger than the signal either at node C or D
alone. This translates to an increase in the voltage gain of
the system. In addition, the differential output structure has
advantage over single-ended output in that it enables a
circuit to reject wide-band noise better.
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Figure 2. Proposed amplifier

In term of the channel thermal noise current (dotted
signals) of a transistor M,,;, let’s consider the iy, Which
flows between the drain and source terminals. This thermal
noise current will flow through Ry and Rg, resulting in
inphase thermal noise voltages at nodes A and B. Noise
voltages at nodes A and B are then amplified via CMOS
inverters Mpzp2 and M3 respectively, resulting in the
thermal noise output voltages at nodes C and D respectively.
Unlike the input signal case, the thermal noise voltages at
nodes C and D are inphase. Because the output signal V,,, is
taken differentially, the output thermal noise voltage
associated with transistor M, could be completely
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eliminated, provided that the magnitude of thermal noise
voltages at nodes C and D are the same. This can be
achieved by properly designing the gains of inverters Mz,
and M3, using appropriate transistor sizing in My, and
Mps.p3. The channel thermal noise current of the transistor
M, could also be eliminated using the same explanation.

It is instructive to note at this point that, the noise from
the noise-canceling circuitry is also added into the system.
As a result, its noise contribution to the amplifier has to be
investigated. In fact, the noise contributions from inverters
Mpz.p2 and Mys.3 are relatively quite small, compared with
the noises from M, and Rg. This is because, noises from
inverters M. and My g3 are divided by a larger gain, when
referred to the input.

The noise figure of the transimpedance amplifier in Fig.
1b) (NF7) and the proposed amplifier (NF) can be analyzed
and shown as

_(Re +Rg)(1+ Gy Re Ry + 2yGri (R + Rs))

NF, = 5 M
(l N GMIRF) R.\'
NE = (, QT ARl (Rs +R5)+ AR )+
R(ARg +Rg+ Roy + Rp )" Ay (2)
Re[ A, (Ro, + A Rg) + A, Ry I + ay4, Ro, " ayA; Ry,
R(ARG+Re + Ry + R Y 4)  Red} RoA?
where Gyy, Roin Ai and Ay are given by

Grr=8mpntyT&mvp1ys ROiI=T iy oapiys A=GusiRoi and

= Az(GmRonRF T Rox)"' As (Rm +RF)
G Ro Ry + R + Ry + R

A,

>

respectively.

From (1), it is obvious that major sources of noise come
from the channel thermal noises associated with M, .
Noise figure of the proposed circuit is given by (2). The
second term in the parenthesis in (2) represents the noise as
a result of channel thermal noises associated with M,; and
M. It is noted that if the ratio of the gains of CMOS
inverters Mu.p2 (42) and M. (43) are set equal to 1+R4/Rg,
the thermal noises from M, and M, can be completely
eliminated.

By applying small signal analysis, the voltage gain of the
proposed transimpedance amplifier can be derived and
shown as

(GM,RO,RF%] GoaRoy + @y (Re + Gy RoyRs) Gk,
Vou CinRFRS Mo RFRSCin (]+GMIRS)

¥ s+ wO+L+ LD -1 BT
Cin RF Cin RS C RF RS

in

3
where Cj, and ap are given by

C"in = Cg.\'(Mm) + Cg.\'(Mm) + (ng(MN,) + ng(M,,,) ) (1 + GMXROI )

+Crtyy t Covtrryny T (CgtI(MN,) +Crirtyy) ) (14 Gy Ro3)
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amplifier can operate at high bit rate with small ISI and bit
error rate.
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1V. CONCLUSION

This paper presents a thermal noise-canceling differential
amplifier. The amplifier is developed based on a CMOS
transimpedance-based amplifier and a noise-canceling
circuitry. The thermal noise-canceling circuitry is very simple,
and consisting of CMOS inverter and current mirror. The
simulation results show that the proposed circuit has noise
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figure lower than that obtained from the amplifier without
noise-canceling circuitry. The circuit shows large bandwidth,
large gain and small power dissipation. The circuit can be
employed as front end amplifier in reading circuitry of hard
disk drive (HDD).
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1+G,, Ry
(Rs+R;) (wa,n) +Cotton * ( Coitrny  Coit) ) GinRor )
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respectively.

From (3), one can rearrange the denominator in the form
s*+20w,stw,,, where the natural frequency (w,) and
damping factor ({) can be shown as

@, = 3 GMlROl_*_L “)
Cin RF RS

1
qn RF Cin RS (5)

9% GMIR01+i
C'in RF RS

If the damping factor () is set to 0.707, then w.agp is

given by
1 R 2R, (R Y
A,+(A,+—F] A,z———F-—(—F)‘ (6)
Cin R Ry Ry R

The input impedance (R;,) and output impedance (R,.,) of
the proposed amplifier can also be derived and shown as

@, + +

=

W38 =

L PRophRe { o)
" 1+ Gy Ry,

R, =Rorfor - (8)
Roy + Ros

III. RESULTS AND DISCUSSIONS

To evaluate the performance of the proposed circuit, the
simulation is performed, using HSPICE with a 0.13 pm
CMOS technology, under the supply voltages of 1.2 V.
Bias currents of the inverters M,,.,; Myp.» and M35 are
equal to 1.6 mA, 544 uA and 544 uA respectively. In this
work, the input impedance in (7) is designed to match with
the source impedance of the voltage source (50 ). This
matching serves the purpose to achieve maximum power
transfer and minimize reflection. The output impedances of
the circuit is 5.2 kQ. The simulations results show high
performance characteristics, namely, large voltage gain,

wide bandwidth, low noise figure and low power dissipation.

Signal to noise ration (SNR) of the proposed amplifier is
found to be 25 dB, while the SNR of the transimpedance
amplifier is 15.6 dB. Dynamic range (DR) of the proposed
amplifier and the transimpedance amplifier are 77.6 dBm
and 45.1dBm, respectively.

Fig. 3 shows noise figure. Dashed and solid lines
represents the noise figure of the transimpedance amplifier
in Fig. 1b) and Fig. 2, respectively. The noise, which
extends over most of the amplifier bandwidth, comes from
channel thermal noises. As seen, the noise figure of our
proposed amplifier is around 2.56 dB, which is 12 percent
less than that of the transimpedance amplifier in Fig. 1b).
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Fig. 4 shows gain of the proposed amplifier. The
passband gain is about 42.5 dB, or 134 V/V, while the gain
of the transimpedance amplifier alone is 13 dB, or 4.5 V/V.
As seen, the proposed amplifier has gain about 30 times
larger than the gain of the transimpedance amplifier alone.
The bandwidth of the circuit is found to be 1.36 GHz. The
power dissipation of the circuit is 3.2 mW.
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1V. CONCLUSION

This paper presents a thermal noise-canceling amplifier.
The amplifier is developed based on a CMOS
transimpedance-based amplifier, and a noise-canceling
circuitry. The thermal noise-canceling circuitry is very
simple, and consists of only two CMOS inverters. The
simulation results show that the proposed circuit has noise
figure 12 % lower than that obtained from the
transimpedance amplifier without noise-canceling circuitry.
The circuit shows large bandwidth, large gain and small
power dissipation.
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Abstract-This paper presents a design of 1.2 V thermal
noise-canceling amplifier using 0.13 um CMOS technology.
The amplifier consists of a CMOS inverter-based
transimpedance amplifier, and a noise-canceling circuitry. The
thermal noise-canceling circuitry is very simple, and consists of
only two CMOS inverters. The simulation result shows the
noise figure of the proposed amplifier is 2.56 dB, which is 12
percent less than that of the transimpedance amplifier. The
gain and bandwidth of the amplifier are 42.5 dB and 1.36 GHz
respectively. The power dissipation is 3.2 mW.

1. INTRODUCTION

The technology of data communication systems is
advancing rapidly in high bit rate for both short and medium
ranges. In those systems, it is well known that the design of
the front-end amplifier is the most difficult task, because it
plays a crucial role in dictating the whole system
performance. The design involves careful optimization of a
number of trade offs between bandwidth, gain, noise and
power dissipation. In the design, transimpedance amplifier
is usually employed as the front end to amplify a weak input
signal.  For example, in a hard-disk drive systems,
transimpedance amplifier (Z amplifier) is used to amplifier
the read back signal from the biased magneto-resistive (MR)
read sensor [1-5]. Similarly, in the optoelectronic front end,
transimpedance amplifier is used to convert the optical
signal into electrical signal [6-8].

With recent advance in fabrication technology for ultra
high speed devices, several Z amplifiers have been
successfully designed and developed as gigahertz-band
amplifiers using III-V [9], SiGe [10], Bipolar [11] and
BiCMOS based technologies [12]. However, as to the
advanced performance progress in deep sub-micron
MOSFET technology, MOSFET becomes a promising
option to realize high speed and high frequency integrated
circuits. MOSFET offers low cost, low power consumption,
small silicon area and compatibility with the dominant
transistor technology in both analog and digital applications.
In addition, MOSFET can achieve very high cutoff
frequency, but at 2 much lower cost.

Noise is one of very important issues in the design of
front-end amplifier. This is due to the fact that noise
represents a lower limit to the size of electrical signal that
can be amplified by a circuit without significant
deterioration in signal quality. Noise also results in an
upper limit to the useful gain of an amplifier, because if the
gain is increased without limit, the output stage of the circuit
will eventually begin to limit on the amplified noise from
the input stages. In the MOSFET, the channel can be
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treated as resistor. As a result, MOSFET exhibits thermal
noise, which is a major source of noise in MOS transistor.

Several circuit designs for low noise using noise
canceling technique [13-16] have been proposed. Their
results exhibit low input referred noised and gain
enhancement. In this paper, we presents a 1.36 GHz and
42.5 dB low noise CMOS transimpedance-based amplifier.
The circuit is developed based on a transimpedance
amplifier, which employs CMOS inverter as a core part.
The circuit is realized using a 0.13 pm CMOS technology
and operates under the supply voltage of 1.2 V. Noise-
canceling circuitry, consisting of only two CMOS inverters,
is incorporated into the circuit, and can successfully reduce
the noise figure by 12 percent. The voltage gain of the
proposed circuit is 30 times larger than that of the
transimpedance amplifier. The paper is organized as
follows. Section II describes the fundamental operation of
the proposed amplifier and the noise-canceling technique.
Section III shows the results and discussions. Finally,
section IV presents the conclusion.

II. TRANSIMPEDANCE AMPLIFIER

The Z amplifier can be classified into two configurations;
open-loop and closed-loop amplifiers. In the open-loop
configuration, good sensitivity and large bandwidth can not
be obtained simultaneously. A better approach is to use a
closed-loop configuration. The closed-loop configuration
avoids the dynamic range problem, and provides a good
compromise between the wide bandwidth and low noise
performance. Feedback resistor can be placed across the
gain stage, because it -does not need to carry bias currents
allowing the circuit to operate with more voltage headroom.
As a result, thermal noise from feedback resistor is reduced,
while the bandwidth can be matched to that of the signal
eliminating the need for equalization simultaneously.
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Figure 1. a) CMOS inverter b) Inverter-based transimpedance amplifier





