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(a) 

(1)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 From fig. 1, DC gain has reached 16.2dB (>16dB). And the unity gain frequency is about 4.2MHz 
(>4MHz) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 From fig. 2, the phase margin is 98.9°+180°=278.9° (>45°) 
 

y-axis: DC gain (dB) 

x-axis: frequency (Hz) 

Fig. 1 Differential mode response 

Fig. 2 Phase change over different frequency 

y-axis: phase (degree) 

x-axis: frequency (Hz) 



 
 
(2) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 small signal parameters of each mosfet 

Fig. 4 pole/zero analysis result 



(b) 

  
  

 
 
 
 
 
 
 
 
 
 
 
 
 

As NMOS (left/right) overdrive voltage is 1.2336m, Thus, maximum of  |𝑉𝑉𝑖𝑖𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 −

𝑉𝑉𝑖𝑖𝑖𝑖_𝑟𝑟𝑖𝑖𝑟𝑟ℎ𝑙𝑙| is √2 × 0.0012336 = 0.001747, which is the maximum x-axis value. 𝑣𝑣_𝑑𝑑𝑑𝑑 is 

parameter in hspice (=
𝑉𝑉𝑖𝑖𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑉𝑉𝑖𝑖𝑖𝑖_𝑟𝑟𝑖𝑖𝑟𝑟ℎ𝑙𝑙

2
). According to this figure, the slope is -6.43. 20 ×

log|−6.43| = 16.16𝑑𝑑𝑑𝑑. The gain is like AC response! 

As left-ended output (vop) DC gain is 3.22 (V/V) and right-ended output (von) gain is -3.22 
(V/V). So, it implies differential gain is 3.22-(-3.22) = 6.44(V/V) ~16.17dB. It’s like AC 
response 

y-axis: differential output (vop-von) (V) 

y-axis: slope of differential output (no unit) 

x-axis: 𝑣𝑣_𝑑𝑑𝑑𝑑 (V) 

Slope when differential 
input is equal 

y-axis: slope of von (no unit) 

Slope when differential input is equal (Von) 

y-axis: slope of vop (no unit) 

x-axis: 𝑣𝑣_𝑑𝑑𝑑𝑑 (V) 

y-axis: vop (V) 

y-axis: von (V) 



(c) 

 

 Hand calculation: 

  ∆𝑉𝑉𝑜𝑜𝑜𝑜𝑙𝑙,𝐶𝐶𝐶𝐶

∆𝑉𝑉𝑖𝑖𝑖𝑖,𝐶𝐶𝐶𝐶
=  −

1
𝑟𝑟𝑚𝑚𝑚𝑚

//𝑟𝑟𝑜𝑜𝑚𝑚

2𝑟𝑟𝑜𝑜(𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆_𝑙𝑙𝑡𝑡𝑖𝑖𝑙𝑙)+𝑟𝑟𝑚𝑚−1(𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
 = 

1
5.2609𝑜𝑜// 1

4.0759𝑖𝑖
2

3.29𝑜𝑜+
1

40.3121𝑜𝑜
 = -0.298 ~-10.5dB 

The simulation result is -11.9dB. Error rate is −10.5−(−11.9)
−11.9

= −11.7% 

This error rate is acceptable. Error may come from imprecise value of tail current source’s 
finite impedance. 

 

(d) 

    
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Common mode analysis 

x-axis: 𝑉𝑉𝐶𝐶𝑁𝑁(V) 

y-axis: 𝑉𝑉𝑜𝑜𝑜𝑜𝑙𝑙(V) (single ended) 

y-axis: slope of 𝑉𝑉𝑜𝑜𝑜𝑜𝑙𝑙(no unit) (single ended) 

slope around 𝑉𝑉𝐶𝐶𝑁𝑁=0.9V 

x-axis: frequency (Hz) 

y-axis: common mode gain 

Low frequency common mode gain 



 The slope around 𝑉𝑉𝐶𝐶𝑁𝑁 = 0.9V is -0.255~-11.8dB, which is the so-called common mode gain. It’s really 
close to AC response! 
(e) 
 
1MHz 

  
 

 
 
By the definition of linear range in this homework, my linear range is 11.8mV! 
 
 
 
 
 
 

Fig.  differential output waveform when input amplitude = 11.8mV at 1MHz 

y-axis: differential output (V) 

x-axis: Time (s) 



10MHz 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hand calculation: 

  By definition, -60dB distortion, input amplitude < 0.2𝑉𝑉𝑜𝑜𝑜𝑜_𝑚𝑚𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. According fig. 3 

𝑉𝑉𝑜𝑜𝑜𝑜_𝑚𝑚𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is 1.23mV. 0.2× 1.23𝑚𝑚𝑉𝑉 = 0.246mV. So the linear range is supposed to be 

lower than 0.246mV. In my case it’s 11.8mV.  

 Error rate is so large! The formula of linear range is based on input amplitude << 

𝑉𝑉𝑜𝑜𝑜𝑜_𝑚𝑚𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙. In my design 𝑉𝑉𝑜𝑜𝑜𝑜_𝑚𝑚𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (1.23mV) << sinwave input amplitude (11.8mV). I 

think that’s why the error rate is that large. 

Fig.  differential output waveform when input amplitude = 13mV at 10MHz 

x-axis: Time (s) 

y-axis: differential output (V) 



(f) 
 Since fully differential pair can be analyzed through its half circuit, which is a common 
source amplifier with active load. 

Small signal gain: 

 Small signal gain = 𝑔𝑔𝑚𝑚𝑖𝑖 × (𝑅𝑅𝑜𝑜//𝑟𝑟𝑜𝑜𝑖𝑖), 𝑔𝑔𝑚𝑚𝑖𝑖 is 𝑔𝑔𝑚𝑚 of NMOS input pair, 𝑅𝑅𝑜𝑜 is effective 
resistance looking from drain of diode connected PMOS. 𝑟𝑟𝑜𝑜𝑖𝑖 is 𝑟𝑟𝑜𝑜 of NMOS inout pair. 

Therfore, 𝑅𝑅𝑜𝑜 = 1
𝑟𝑟𝑚𝑚𝑚𝑚

//𝑟𝑟𝑜𝑜𝑜𝑜, usually 𝑟𝑟𝑜𝑜𝑜𝑜 >> 1
𝑟𝑟𝑚𝑚𝑚𝑚

 (To satisfy this condition, I increased length 

of PMOS a little bit as 𝑟𝑟𝑜𝑜𝑜𝑜 ∝
1
𝜆𝜆𝜆𝜆

, 1
𝜆𝜆
∝ 𝐿𝐿𝐿𝐿𝐿𝐿𝑔𝑔𝐿𝐿ℎ.) Similarly, 𝑟𝑟𝑜𝑜𝑖𝑖 >> 1

𝑟𝑟𝑚𝑚𝑚𝑚
 (To satisfy this 

condition, I increased length of NMOS a little bit). Now gain = 𝑟𝑟𝑚𝑚𝑖𝑖
𝑟𝑟𝑚𝑚𝑚𝑚

 (as 1
𝑟𝑟𝑚𝑚𝑚𝑚

//𝑟𝑟𝑜𝑜𝑜𝑜~ 1
𝑟𝑟𝑚𝑚𝑚𝑚

, 

1
𝑟𝑟𝑚𝑚𝑚𝑚

//𝑟𝑟𝑜𝑜𝑖𝑖 ~ 1
𝑟𝑟𝑚𝑚𝑚𝑚

) ~ 
𝑉𝑉𝑜𝑜𝑜𝑜𝑚𝑚
𝑉𝑉𝑜𝑜𝑜𝑜𝑖𝑖

. But overdrive voltage of PMOS is almost fixed (output common 

mode voltage is supposed to falls in the range of 0.6V~0.9V). So what I can do is to decrease 

overdrive voltage of NMOS pair. 𝐼𝐼𝐷𝐷 = 1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿

(𝑉𝑉𝑜𝑜𝑜𝑜𝑖𝑖)2[ignore CLM]. And I don’t want to 

current to change (NMOS may leave saturation region), when increasing width of NMOS, 
𝑉𝑉𝑜𝑜𝑜𝑜𝑖𝑖 is supposed to decrease until the gain meet the requirement of problem sets. 

Unity gain bandwidth:  

 I think unity gain bandwidth is related to -3dB bandwidth. (i.e. the larger -3dB 

bandwidth is, the larger unity gain bandwidth is) -3dB bandwidth = 1
𝑅𝑅𝑜𝑜×𝐶𝐶𝐿𝐿

 where 𝑅𝑅𝑜𝑜 is 

effective resistance looking from drain of diode connected PMOS, which is about 1
𝑟𝑟𝑚𝑚𝑚𝑚

 

(analyzed above) and 𝐶𝐶𝐿𝐿 is a fixed value given by problem sets (1.5pF). So, -3dB bandwidth 

is equal to 2𝜆𝜆
|𝑉𝑉𝑜𝑜𝑜𝑜𝑚𝑚|×𝐶𝐶𝐿𝐿

 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = |𝑉𝑉𝑜𝑜𝑜𝑜𝑙𝑙_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑉𝑉𝑉𝑉𝑉𝑉| − |𝑉𝑉𝑙𝑙ℎ|, VDD is fixed, 𝑉𝑉𝑙𝑙ℎ is almost fixed.  

So, output common mode should be be as close to 0.9V as possible (the requirement is 0.6V 
~ 0.9V). And at the same time, I also try to increase width of tail NMOS to increase current 

until unity gain bandwidth larger than 4MHz (as FOM = 𝑜𝑜𝑖𝑖𝑖𝑖𝑙𝑙𝑢𝑢 𝑟𝑟𝑡𝑡𝑖𝑖𝑖𝑖 𝑏𝑏𝑡𝑡𝑖𝑖𝑜𝑜𝑏𝑏𝑖𝑖𝑜𝑜𝑙𝑙ℎ ×𝑙𝑙𝑖𝑖𝑖𝑖𝑙𝑙𝑡𝑡𝑟𝑟 𝑟𝑟𝑡𝑡𝑖𝑖𝑟𝑟𝑙𝑙
𝑙𝑙𝑡𝑡𝑖𝑖𝑙𝑙 𝑐𝑐𝑜𝑜𝑟𝑟𝑟𝑟𝑙𝑙𝑖𝑖𝑙𝑙

) 

Linear range:  

 Linear range is equal to 0.2× (𝑜𝑜𝑣𝑣𝐿𝐿𝑟𝑟𝑑𝑑𝑟𝑟𝑜𝑜𝑣𝑣𝐿𝐿 𝑣𝑣𝑜𝑜𝑣𝑣𝐿𝐿𝑣𝑣𝑔𝑔𝐿𝐿 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑝𝑝𝑣𝑣𝑜𝑜𝑟𝑟). 𝑉𝑉𝑜𝑜𝑜𝑜𝑖𝑖 = 𝑉𝑉𝐶𝐶𝑁𝑁 − 𝑉𝑉𝑠𝑠 − 𝑉𝑉𝑙𝑙ℎ𝑖𝑖. 𝑉𝑉𝐶𝐶𝑁𝑁 
Has been given by problem sets (0.9V). 𝑉𝑉𝑙𝑙ℎ𝑖𝑖 is almost fixed. Therefore, to increasae 𝑉𝑉𝑜𝑜𝑜𝑜𝑖𝑖, what I can do is 
reduce 𝑉𝑉𝑠𝑠. So, I stregthen tail NMOS by increasing its width and set its length to miuimum value in 
‘cic018.l’. (not too much or the tail current will exceed 4uA). 
 

Tail current:  



 Tail current = 1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑜𝑜

𝑊𝑊
𝐿𝐿
�𝑉𝑉𝑜𝑜𝑜𝑜_𝑖𝑖𝑚𝑚𝑜𝑜𝑠𝑠_𝑙𝑙𝑡𝑡𝑖𝑖𝑙𝑙�

2
[ignore CLM]. So I set VBS 0.51V, so that the 

current will not exceed 4uA easily. Also, all mosfets need to stay in saturation region, VBS 
can not be too high. In general the optimal VBS is the smaller, the better to make all mosfets 
stay in saturation and have small tail current. And as tail current should provide enough 
current from differential pair, its width is a little larger.  
 
 
 
CMRR @ 10KHz: 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

x-axis: frequency (Hz) 

y-axis: common mode gain 

common mode gain at 10KHz 



 

 
CMRR=16.2dB-(11.9dB) = 28.1dB 
 
 
 
 

Hspice code 

  
 
 
 
 
.prot 
.lib 'cic018.l'TT 
.unprot 
.option  
+post 
+Accuracy=1 
+captab 
+DELMAX=1e-10 
.param v_DC=0 
.param VBS = 0.51 
.param MN_width=2.3u 
.param MN_length=0.5u 
.param MP_width=0.25u 

x-axis: frequency (Hz) 

y-axis: differential mode gain 

differential mode gain at 10KHz 



.param MP_length=2u 
*mos 
MP_left Vout_left Vout_left VDD VDD p_18 w = MP_width l = MP_length m = 1 
MP_right Vout_right Vout_right VDD VDD p_18 w = MP_width l = MP_length m = 1 
MN_left Vout_left Vg_left Vx gnd n_18 w = MN_width l = MN_length m = 1 
MN_right Vout_right Vg_right Vx gnd n_18 w = MN_width l = MN_length m = 1 
MX Vx VBS gnd gnd n_18 w = 0.8u l = 0.18u m = 1 
*resistor 
RS_left Vi+ Vg_left 5k 
RS_right Vi- Vg_right 5k 
*voltage source 
v1 Vi+ VCM DC =0.5*v_DC AC = 0.5 0 
v2 Vi- VCM DC = -0.5*v_DC AC = 0.5 180 
v3 VCM gnd 0.9 
v4 VBS gnd VBS 
v5 VDD gnd 1.8 
*capacitor 
CL_left Vout_left gnd 1.5p 
CL_right Vout_right gnd 1.5p 
 
*(c) change both v1 and v2 to AC = 1 0 and check vout_left 
 
 
 
*find phase margin 
.AC DEC 10k 1 1T  
.probe AC  
+diffenertial_gain = par('V(Vout_left)-V(Vout_right)') 
.meas AC unity_frequency when vdb(vout_left, vout_right)=0 
.meas AC phase find vp(vout_left,vout_right) at=unity_frequency 
.meas AC phase_margin param='180+phase' 
 
 
.pz V(Vout_left, Vout_left) v1 
 
.DC v_DC -1.747m 1.747m 0.1m 
.probe DC diff_gain = par('V(Vout_left)-V(Vout_right)') 
.probe DC slope_diff = deriv(diff_gain) 
.probe DC slope_vout_left = deriv('V(vout_left)') 
.probe DC slope_vout_right = deriv('V(vout_right)') 
 
*d 



.alter 

.DC v3 0 1.8 0.01 

.probe DC slope_cm = deriv('V(vout_left)') 

.alter 
v1 Vi+ VCM  sin(0 11.8m 1x 0n) 
v2 Vi- VCM   
.tran  2u 40u 
.four 1x V(Vout_left, Vout_right) 
.alter 
v1 Vi+ VCM  sin(0 13m 10x 0n) 
v2 Vi- VCM   
.tran 1u 20u 
four 10x V(Vout_left, Vout_right) 
 
.op 
.END 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


