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1.  Single-ended stage
o  General description
o  Small-signal model of a bipolar transistor
o  Small-signal model of a MOSFET transistor

2.  Differential pair
o  DC transfer characteristic
o  Small signal characteristic
o  Improvement of CMRR
o   Increase of voltage swing
o   Interference cancellation
o   Increase of noise

3.  Apparent difference between single
ended stage and differential pair

4.  DC offset
o  DC offset in a single ended device
o   Zero DC offset in a pseudo differential pair
oWhy “zero” IF or direct conversion
oDC offset cancellation

Lecture #6 :    Single-ended stage and differential pair
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1. Single-ended stage

*  Voltage gain and current gain of a device in low frequency

o   General description
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Table 6.1  Voltage gain and current gain of a bipolar and CMOS device in low frequency.   (ZL,A=Actual load impedance)

ZL .  
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Device 
with 

different configuration

Input 
matching 
network

Output 
matching 
network

Figure 6.1      A basic single ended amplifier can be demarcated into 3portions.
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*       In the cases when the RF circuit is operating in RF frequency range or the digital circuit is operating 
with high data rate, 

o   General description (Continued)

• Either voltage or current gain is less important than power gain. Power transportation must be 
considered as the first priority. 

• The power gain is mainly determined by the performance of input and output impedance 
matching. The designers very concern the input and output impedances in a variety of 
configurations, 

• A basic single ended amplifier can be demarcated into 3 portions.

It is therefore concluded that the study of input and output impedances of a device,
Zin and Zout,  with different configuration becomes prerequisite.
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• Example #2: a buffer after VCO

a) High input impedance , unmatched
b) With power gain 
c) Output impedance matching
d) Load pulling test

• Example #1: a LNA

a) Input impedance matching
b) Output impedance matching
c) Low noise
d) Power gain
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o Small-signal model of a bipolar transistor

Figure 6.2    Small-signal equivalent circuit model of a bipolar transistor

rμ

gmv1 Ccs

B

ro

E

C
B’ rc

v1rπCπ

rb

rex

Cμ

+

-

PDF 文件使用 "pdfFactory Pro" 试用版本创建           www.fineprint.cn

http://www.fineprint.cn


Lecture #6 Richard Li,  2006 6

















+=
















+=

kT
qV

V
V

I
V
V

V
V

II be

A

ce
s

T

be

A

ce
sc exp1exp1

kT
qI

kT
qV

kT
q

V
V

I
V
I

g cbe

A

ce
s

be

c
m =
















+=

∂
∂

= exp1

jeb CCC +=π

mFb gC τ=

3 1
o

D

jeo
je V

C
C

ψ
−

=

m

o

g
r

β
π =

n

o

o

V

C
C









−

=

ψ

µ
µ

1

( ) oorr βµ 101 →=

c

A
o I

Vr =

PDF 文件使用 "pdfFactory Pro" 试用版本创建           www.fineprint.cn

http://www.fineprint.cn


Lecture #6 Richard Li,  2006 7

Figure 6.3 Small-signal equivalent circuit model of a bipolar transistor in the high frequency.
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Figure 6.4     Small-signal equivalent circuit model of a bipolar transistor  in the low frequency
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* Impedance of a CE (common emitter) device

Figure 6.5      Small-signal equivalent circuit model of a CE (common emitter) device
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* Impedance of a CB (common base) device

Approximations :
πrrb << orr <<π

Figure 6.6    Small-signal equivalent circuit model of a CB (common base) device
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Figure 6.7 Small-signal equivalent circuit model of a CB (common base) device
for input impedance discussion
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However for higeraccuracy when r o is taken into account, 
the input impedance is dependent of the load, zL. It would be modified to
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For higher accuracy, the resistor rb is taken into account, 
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Figure 6.8 Small-signal equivalent circuit model of a CB (common base) device
for output impedance discussion
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*    Impedance of a CC (common collector) device

Figure 6.9 Small-signal equivalent circuit model of a CC (common collector) device
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*    Comparison between CE, CB, and CC devise

CB (Common base)   

CC (Common collector, or Emitter follower)

Table 6.2    Input and output impedances of  a bipolar amplifierwith CE,CB, and CC configuration in low frequency.
ZL,A = Actual load impedance
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o     Small-signal model of a MOSFET transistor

Figure 6.10    Small-signal equivalent circuit model of a MOSFET transistor
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Figure 6.11 Small-signal equivalent circuit model of a MOSFET transistor in the high frequency 
(The source, S, is connected to the body, B.)
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Figure 6.12 Small-signal equivalent circuit model of a MOSFET transistor  in the low frequency 
(The source, S, is connected to the body, B.)
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Translation
The similarity between bipolar and MOSFET model provides a short-cut to translate all of input and output 
impedance formula from the bipolar to MOSFET transistor, as longas we do the following replacements:

Figure 6.14    Small-signal equivalent circuit model 
of a MOSFET transistor
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Figure 6.13    Small-signal equivalent circuit model 
of a bipolar transistor
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* Impedance of a CS (common source) device
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Figure 6.15    Small-signal equivalent circuit model of a CS (common source) device

}1])({[)(
])([

1])([ 2

2

2 +++

+
−

++
=

ωω

ω

ω gbgsgsgbgs

gbgsgs

gbgsgs

gs
in CCrCC

CCr
j

CCr
r

z

( )
( )
( ) ]1[1 2

2

2 +
−

+
=

ωω

ω

ω dbddb

dbd

dbd

d
out CrC

Crj
Cr

rz

At the low-and mid-frequency, 

gsin rz =

dout rz =

PDF 文件使用 "pdfFactory Pro" 试用版本创建           www.fineprint.cn

http://www.fineprint.cn


Lecture #6 Richard Li,  2006 23









+

+++
=

d

L

gbgsmgs

gs
in r

z
CCjgr

r
z 1

)]([1 ω

*      Impedance of a CG (common gate) device

Figure 6.16    Small-signal equivalent circuit model of a CG (common gate) device
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Figure 6.17    Small-signal equivalent circuit model of a CD (common drain) device

* Impedance of a CD (common drain) device
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*  Comparison between CS, CG, and CD devise

Table 5.3   Input and output impedances of  MOSFET transistor with CS,CG, and CDconfiguration in low and mid-frequency.
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2. Differential pair

Figure 6.18    A differential pair with bipolar devices
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o   DC transfer characteristic

*  Bipolar differential pair
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*CMOS differential pair

Vdd

Figure 6.19    A differential pair with CMOS device
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In the loop of  Vi1à source of M1à Vsà source of M2à Vi2, 
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o Small signal characteristic

2121111 iio vAvAv +=

2221212 iio vAvAv +=

21 iiid vvv −=

2
21 ii

ic
vv
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+

=

21 oood vvv −=
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21 oo
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vv
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+

=

icdmcmiddmod vAvAv −+=
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2
22211211 AAAAAdm

+−−
=

2
22211211 AAAAAcm

+++
=

4
22211211 AAAAA cmdm

−+−
=−

22211211 AAAAA dmcm −−+=−

vi2

(b)A differential pair with MOSFETdevices

Vdd
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Rd2Rd1

ITL

M1 M2
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vi1

vo2vo1

(a)   A differential pair with bipolar devices

ve
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ITL RTL
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Figure 6.20   Differential pair
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Important reference : Paul R. Gray, Paul  J. Hurst,  Stephen H. Lewis, and Robert G. Meyer, “Analysis and Design of Analog 
Integrated Circuits,” (Book), Fourth Edition, John Wiley & Sons, Inc., 2001. 
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Figure 6.21   Differential mode portion of a differential pair
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Figure 6.22   Commonmode portion of a differential pair
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c
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22 1 −=−=
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Figure 6.23      Equivalent of differential mode half circuit  
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Figure 6.24      Equivalent of common mode half circuit
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*    CMRR (Common Mode Rejection Ratio)
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*  CMRR caused by a single-ended device

vi2 = vo2 = 0

vid = vi1
vic = vi1/2

vod = vo1
voc = vo1/2

and
vo1 = A11vi1
0  = A21vi1

or,
vod = Adm vid + Acm-dmvic/2
voc = Adm-cmvid + Acm vic/2

CMRR = Adm / Acm = 1
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*   A pseudo-differential pair 0=TLR
1=CMRR

Vd

d

Figure 6.25 Pseudo-differential  pair.

(b) RTL =0, Re1≠0, Re2≠0
RTL =0, Rs1≠0, Rs2≠0

Vcc

Q1

Rc2
Rc

1vo1 vo2

vi1 vi2Q2

(a) RTL=0, Re1=0, Re2=0
RTL=0, Rs1=0, Rs2=0

Vdd
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vo1 vo2

vi1 vi2M2

Q1

Rc2Rc1
vo1 vo2

vi1 vi2Q2

Vcc

Re2Re1

M1

Rd2Rd1
vo1 vo2

vi1 vi2M2

Rs2Rs1

0=CMRR , dB.
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o Improvement of CMRR

Figure 6.26 Emitteror sourcecoupled pair with degeneration resistors
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Q1

1:1 Transformer

Rc2Rc1

Vo1 Vo2

Vi1
Vi2

Q2

Vcc

(a) Bipolar device

Vo1

Vi1 M1

1:1 Transformer

Rd2Rd1 Vo2

Vi2M2

Vdd

Figure 6.27 Improvement of CMRR by a 1:1 transformer

(b) MOSFET 

o Improvement of CMRR (Continued)
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o Increase of voltage swing

Vcc

Q1

(a)    A single-ended amplifier.

Q1

Rc1

vo1

vi1

Ie Re

Output vo

1

Resulting Output = Single ended output = vo1

(b)    A differential  pair.

Rc2Rc1

vo1 vo2

vi1 vi2

Ie

Q2

RTL

Vcc

vo2OutputOutput vo

1

Resulting Output = Differential  output = vo1 -v o2

Figure 6.28 Increase of voltage swingin a differential pair
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o  Interference cancellation

CC1

(a)    A single-ended amplifier.

Q1

Output
Rc1

Input

Vo1

Vi1

Vcc

Ie Re

R
un

ne
r 1

R
un

ne
r C

Output Vo1 Clock

Resulting Output = Single ended output = V o1

CC2CC1

(b)    A differential  pair.

Q1 Input

Output
Rc2Rc1

Input

Vo1 Vo2

Vi1 Vi2

Ie

Q2

Re

Vcc

Output

R
un

ne
r 2

R
un

ne
r C

R
un

ne
r 1

Vo2OutputOutput Vo1 Clock

Resulting Output = Differential  output = V o1 –Vo2

Figure 6.29    Interference cancellation in a differential pair
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o  Interference cancellation (Continued)

• Figure 4.27  shows that a differential pair can reject the interference
but no “common mode noise” .

• Noise is a random stochastic process.
It is nonsense to talk about “common mode noise” or “differential mode noise”

• A differential pair rejects interference partially 
if the differential pair is in an imperfect symmetrical condition.

A differential pair rejects interference from outside totally 
if the differential pair is in a perfect symmetrical condition.
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oIncrease of  noise

No1 No2

Figure 6.30 At differential outputs, noise from DC power supply cannot be “differentiated away”!

Q1 Input

Output

Rc2Rc1

Input

vo1 vo2

vi1 vi2
Q2

Vcc

Output

Q0

No1
No2

Figure 6.31    At differential outputs, noise from Q0 cannot be “differentiated away”!

Q1 Input

Output

Rc2Rc1

Input

vo1 vo2

vi1 vi2Q2

Vcc

Output

Q0

*     Noise can never be cancelled due to its differential function ina differential pair.
*     Noise figure of a differential pair is about 3 dB more than that of a single-ended branch.
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Reasons:
• Two devices, Q1 and Q2, can be equivalent to two resisters, Rc1 and Rc2. 
• Then, by the same reasons as described in the previous problem, the process that these

two devices attenuate or magnify the noise from Q0 is a random stochastic process also. 
• It is therefore concluded that it is impossible to keep attenuated or magnified noise

exactly the same at two differential output terminals, V01 and V02. 
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(a)    A bipolar differential pair

i02     v02

Io1     vo1

vi1     ii1

Rc2Rc1

Ve

vi2     ii2

Ie

Q1 Q2

Re

Vcc

i02     v02

Io1     vo1

vi1     ii1

Rc2Rc1

Ve

vi2     ii2

Ie

Q1 Q2

Re

Vdd

(b)    A CMOS differential pair

Figure 6. 33    Differential pair .

3.    Apparent difference between single ended and differential stage

vi     ii

i0     v0

Vcc

Rc

Re

(a)    A bipolar single-ended block

vi     ii

i0     v0

Vdd

Rc

Re

(b)    A CMOS single-ended block

Figure 6. 32    Single-ended block
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21 ii vv =
o

ii vv 18011 =∠−∠

21 oo vv −= 21 oo vv =
o

oo vv 18011 =∠−∠

21 ii ii −= 21 ii ii =
o

ii ii 18021 =∠−∠

21 oo ii −= 21 oo ii =
o

oo ii 18021 =∠−∠
oror

or21 ii vv −= or

o  Definition of a differential pair: 

Single-ended Differential
Current drain 1x 2x

Layout area 1x 2x 

Symmetry No Yes 

DC offset (In deal case) Yes No (Ideal)

CMRR (In deal case) 1 Infinitive (Ideal)

o  Apparent difference between single ended block and differential pair 

Table 5.4    Apparent difference between single ended block and differential pair 
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4.   DC offset
o  DC offset (In deal case) is formed by a single-ended device

ii

Figure 6.34    A single-ended block with non-linear device 

Single-ended block 
with 

non-linear device

voio
vi

(a) Block diagram

vi     ii

i0     v0

Vcc

Rc

Re

(b) Schematic 
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Vin = Visinωt

Iout =  a1Vin + a2Vin
2 + a3Vin

3 + a4Vin
4 + ……

=  a1Visinωt + a2Vi
2sin2ωt + a3Vi

3sin3ωt + a4Vi
4sin4ωt + ……

=  a1Visin ωt + a2Vi[1-cos2ωt]/2 + a3Vi
3[3sinωt-sin3ωt]/4 + a4Vi

4[3-
4cos2ωt+cos4ωt]/8 + 

……

=  a1Visinωt -a 2Vi
2[cos2ωt]/2 + a3Vi

3[3sinωt-sin3ωt]/4 + a4Vi
4[-4cos2ωt+cos4ωt]/8 +

a2 Vi
2 /2 + 3a4 Vi

4 /8 + ……

Iout, DC-offset= a2 Vi
2 /2 + 3a4 Vi

4 /8 + ……

DC offset is contributed by the even order non-linearity of the device.
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o    DC offset (In deal case)  caused by a pair of devices

ii2

ii1

(a) Block diagram

Differential pair 
with 

non-linear device

vo1io1
vi1

vo2
io2

iid = io1 -io2vid

+

- vi2

Figure 6.35    A differential pair with non-linear devices without coupling

(b) schematic

i02     v02

Io1     vo1

vi1     ii1

Rc2Rc1

vi2     ii2

Q1 Q2

Re

Vcc

Re

PDF 文件使用 "pdfFactory Pro" 试用版本创建           www.fineprint.cn

http://www.fineprint.cn


Lecture #6 Richard Li,  2006 49

Vid = Vi1sinωt – Vi2sin(ωt+180o)

Iod = Io1 – Io2

Io1 =  a1Vi1sinωt + a2Vi1
2sin2ωt + a3Vi1

3sin3ωt + a4Vi1
4sin4ωt + ……

=  a1Vi1sinωt -a 2Vi1
2[cos2ωt]/2 + a3Vi1

3[3sinωt-sin3ωt]/4 + a4Vi1
4[-4cos2ωt+cos4ωt]/8 

+
a2 Vi1

2 /2 + 3a4 Vi1
4 /8 + ……

Io2 =  -a 1Vi2sinωt + a2Vi2
2sin2ωt -a 3Vi2

3sin3ωt + a4Vi2
4sin4ωt + ……

=  -a 1Vi2sinωt + a2Vi2
2[cos2ωt]/2 -a 3Vi2

3[3sinωt-sin3ωt]/4 + a4Vi2
4[-

4cos2ωt+cos4ωt]/8 +
a2 Vi2

2 /2 + 3a4 Vi2
4 /8 + ……

If     Vi1 = Vi2 = Vin, then, 
Iod = Io1 – Io2

= 2 a1Vinsinωt + 2 a3Vi2
3[3sinωt-sin3ωt]/4 + ……

Iout, DC-offset= 0

DC offset is zero due to the differential configuration.
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o Why “zero” IF or direct conversion ?

*  In order to reduce the cost down, Zero-IF system
replaces dual conversion system.

*  Zero-IF system hurt by DC-offset
*  DC-offset = 0 in a differential pair.

Tunable
BPF

BPF

LNA IF Amp.1st Mixer

Crystal FLT

De-modulator

(a)  Dual conversion receiver

2nd Mixer

BPF
455 kHz

LNA IF Amp.1st Mixer De-modulator

(b)  Direct conversion receiver

Figure 6.36    Block diagram of dual conversion and direct conversion receiver
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o    DC offset cancellation

Figure 6.37    Block diagram of a “chopping” mixer

* “Chopping” mixer

Figure 6.38    Input and output chopping block  of a “chopping” mixer

Output2

Input2Input1
GND

Output1

φ

φ

(a)  Input chopping block  

φ

φ

Input2Input1
Vdd

Output1

Output2

φ

φ

(b)  Output chopping block  

φ

φ

IF

LO

RF

Differential mixer

Input 
chopping 

Output 
chopping
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Vcc

LOn

IFp

RFP

LOn

LOp

Vcc

φ

φ

GND
φφ

Figure 6.39    Topology of a “chopping” mixer  

GND

Vb

RFn
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Su Si1 Si2

Δ
f

0 fx f

Δ
f

Figure 6.40    Two interferers result an un-desired IP2 product in a mixer. 

(Baseband) (Interferers)

(IM2 product)
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Δf

fLO

fLO -fCH fLO+fCH fx -fCH fx+fCH

-fCH +fCH

fx –fLO-2fCH

fx-fLO

fx

fx+fCH-fLO

Δf

Δf

fx+fLO

fx+fLO+2fCH

fx-fCH-fLO fx+fCH+fLOfx-fCH+fLO

fx+fLO-2fCHfx-fLO+2fCH

Figure 6.41    Principle of DC offset  reduction in the “Chopping” mixer 

(a)  At the RF inputs 

(c) After Gilbert
cell but 
before output  
chopping 0

+fCH0

(RF input signal) (Two interferers) 

(d) After output
chopping or 
at the output  

ΔfΔf(b) After input
chopping but
before Gilbert  
cell
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*   DC offset calibration 

Cal_En

RF

LO

-

+

Differential mixer

IDAC

LPF

Figure 6.42    Block diagram of DC offset calibration

SAR
Control

Compaator

Buffer

(SAR: Successive Approximation Register)
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Low frequency 
Amplifier 

HPF
(High Pass Filter)

Figure 6.43    DC offset cancelled by the combination of  a low frequency amplifier and a LPF.

*    Hardware scheme 
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路测量培训课程三个类别共 30 门视频培训课程和 3 本图书教材；旨在

引领学员全面学习一个射频工程师需要熟悉、理解和掌握的专业知识和

研发设计能力。通过套装的学习，能够让学员完全达到和胜任一个合格

的射频工程师的要求… 

课程网址：http://www.edatop.com/peixun/rfe/110.html 

ADS 学习培训课程套装 

该套装是迄今国内最全面、最权威的 ADS 培训教程，共包含 10 门 ADS

学习培训课程。课程是由具有多年 ADS 使用经验的微波射频与通信系

统设计领域资深专家讲解，并多结合设计实例，由浅入深、详细而又

全面地讲解了 ADS 在微波射频电路设计、通信系统设计和电磁仿真设

计方面的内容。能让您在最短的时间内学会使用 ADS，迅速提升个人技

术能力，把 ADS 真正应用到实际研发工作中去，成为 ADS 设计专家...

课程网址： http://www.edatop.com/peixun/ads/13.html  

 

HFSS 学习培训课程套装 

该套课程套装包含了本站全部 HFSS 培训课程，是迄今国内最全面、最

专业的HFSS培训教程套装，可以帮助您从零开始，全面深入学习HFSS

的各项功能和在多个方面的工程应用。购买套装，更可超值赠送 3 个月

免费学习答疑，随时解答您学习过程中遇到的棘手问题，让您的 HFSS

学习更加轻松顺畅… 

课程网址：http://www.edatop.com/peixun/hfss/11.html 
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专注于微波、射频、天线设计人才的培养 易迪拓培训 
网址：http://www.edatop.com 

CST 学习培训课程套装 

该培训套装由易迪拓培训联合微波 EDA 网共同推出，是最全面、系统、

专业的 CST 微波工作室培训课程套装，所有课程都由经验丰富的专家授

课，视频教学，可以帮助您从零开始，全面系统地学习 CST 微波工作的

各项功能及其在微波射频、天线设计等领域的设计应用。且购买该套装，

还可超值赠送 3 个月免费学习答疑… 

课程网址：http://www.edatop.com/peixun/cst/24.html  

 

HFSS 天线设计培训课程套装 

套装包含 6 门视频课程和 1 本图书，课程从基础讲起，内容由浅入深，

理论介绍和实际操作讲解相结合，全面系统的讲解了 HFSS 天线设计的

全过程。是国内最全面、最专业的 HFSS 天线设计课程，可以帮助您快

速学习掌握如何使用 HFSS 设计天线，让天线设计不再难… 

课程网址：http://www.edatop.com/peixun/hfss/122.html 

13.56MHz NFC/RFID 线圈天线设计培训课程套装 

套装包含 4 门视频培训课程，培训将 13.56MHz 线圈天线设计原理和仿

真设计实践相结合，全面系统地讲解了 13.56MHz线圈天线的工作原理、

设计方法、设计考量以及使用 HFSS 和 CST 仿真分析线圈天线的具体

操作，同时还介绍了 13.56MHz 线圈天线匹配电路的设计和调试。通过

该套课程的学习，可以帮助您快速学习掌握 13.56MHz 线圈天线及其匹

配电路的原理、设计和调试… 

详情浏览：http://www.edatop.com/peixun/antenna/116.html 
 

我们的课程优势： 

※ 成立于 2004 年，10 多年丰富的行业经验， 

※ 一直致力并专注于微波射频和天线设计工程师的培养，更了解该行业对人才的要求 

※ 经验丰富的一线资深工程师讲授，结合实际工程案例，直观、实用、易学 

联系我们： 

※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 

 
 

专注于微波、射频、天线设计人才的培养 

官方网址：http://www.edatop.com 易迪拓培训 
淘宝网店：http://shop36920890.taobao.com 


