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(a)

kA kk small-signal transfer characteristics

-9.0063
1.000e+20
68.752¢ek

v(vout left,vout right) /vl
input resistance at vl
output resistance at vi(vout left,vout ri

Fig. 1 Transfer analysis results from list file

According to list file, the small signal gain has reached 9 (V/V)!
Discussion on device size Mx, Mx1, load resistance R;, Vgs, Vgsq:

Since it’s the symmetric differential pair, when considering small signal gain, | can
use half circuit (half circuit is a common source amplifier) to analyze it.

Mx1 & Rd & VBS:

gain = g, mx1 X (Ra/ /7o mx1) and simplify it.

1 2XR 2
RgX d z
_ 2XIpx A AUpx1 A _ A —
gm_Mxl X (Rd//ro_Mxl) - Vod X Rt 1 — VoaX(Rg+ 1 ) - Voax(1+ 1 )
A A px1 0d™ A AT x1 od Alpmx1Rd

2

1
VodX(A+———

And, Ip = =iy Cox 7 (Vas — Ven)?(1 + AVps).

In this problem, | found it’s easier to make small signal gain > 9 when having
larger current. So | increase width of the Mx1 (in my design w = 9.5u). To have large
current, length is not supposed to be very long so it’s a little bit larger than minimum
in ‘cic018.I’ (length = 1u in my design, due to the need of FOM, discussed in (f)). Also |
want to increase R; (38.35Kohm in my design), which will not be too high as the need for

better FOM (discussed in (f)) As for V,; (i.e Vgs), thereis a current source at the source

of Mx1 and current source is required to stay in saturation region. Therefore, Vzs cannot
be too low but as low as possible to make small signal gain >9
(Vgs = 0.7V in my design).



Mx, Vpgi:

1

Ip = Eun60x¥(VGS — Ven)?(1 + AVp). Current flowing through Mx is the sum current

from Mx1 (left mos) and Mx1 (right mos). And look up the *.lis file, the current flowing
through Mx is 18.25pA + 18.25pA = 36.5uA (when Mx1(s) are in saturation). And for
convenience, | ignored channel length modulation when analyzing it. Since Mx doesn’t

suffer from body effect, its Vth will not go too high (assume it’s 0.3V). Initially | pick Vgg; =

-6
0.5V. to analyze. And assume p,Cox = 300 X 1076, Thus, Y- 36'5X10_6 -=5.517.
L 0.5%300x106x0.2

Based on this result, | set width = 5u length = 1u in the beginning. | found that although
three mosfets all stay in saturation region, tail current is much less than expected value.

Therefore, | increase VBS1 a little bit to 0.51V, and increase width as well. By doing so, the
effective resistance | , then |l increase length to avoid this problem until the tail current

achieve 36.5u and small signal gain is larger than 9(size for Mx: width = 40u, length = 5u).



(b)

k%% mosfets

subckt
element
model
region
id
ibs
ibd
vgs
vds
vhs
vth
vdsat
vod
heta
gam eff
om
gds
gmb
cdtot
cgtot
cstot
chtot
cgs
cgd

O:mxl left
O:n 158.1
Saturati

18

420

.2542u
-138.
-816.
513.
913.
-186.
.2456m
115.
93.
2.
512.
262,
3.
47.
11.
63.
10.
32.
55.
3.

1742a
9742a
9710m
9214m
0290m

9544m
7224m
9675m
4127m
0082u
0144u
371%u
9056t
T663f
0088L
6583f
24231
33421

O:mxl righ
O:n 158.1
Saturati

18

420

.2542u
-138.
-816.
513.
913.
-186.
.2456m
115.
93.
2.
512.
262,
3.
47.
11.
63.
10.
32.
55.
3.

1742a
9742a
9710m
9214m
0290m

9544m
7224m
9675m
4127m
0082u
0144u
371%u
9056t
T663f
0088L
6583f
24231
33421

0:mx

O:n 158.1
Saturati

36.

5085u

-5.493e-21

-538

1

.2880a
510.
186.
0.
325.
1l68.
154.
2.
507.
333.
28.
66.
175.
1.

0000m
0290m

1801m
3984m
5199m
4081m
4460m
5241u
§537u
2561u
9584 f
3595p

.370%p
436.
1.1977p
62,

9318f

0128f

Fig. 2 Small signal parameters from list file



(c)

014 ; ; 0.6 0.8 1 1.2 1.4 1.6 1.8
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ot e L1 .Pllloizill I O TR Sl S VR S (2 (R S Rt i N R VI S R R A il R [ M (M) |
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11 Propaimpr e any i

Y i gxisislope of Voye (nounit) o e

-0.5

Slope around my|selected Vgg \
-1 \

2 My selected Vgg

d2s| oo St gl x = axis; Vgs XV
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Fig. 3 Common mode transfer curve (above) and its slope curve (below)

According to Fig. 3, slope around my selected Vg¢ is -0.484, which is also equal to common
mode gain.
Hand calculation:

AVoutcm R, 38.35k

N7 21, (mx) + gm~1(Mx1 - 2 1
o ° m ™ (Mxlier) 78.8537u T 262.0082u

~ —0.524 (ro(mx),gm(Mxlleft) can be obtained in Fig.2)

(~0.484)—(—0.524)
-0.484

Error rate = = 8.26%. This error rate is acceptable. Error may come from imprecise

value of tail current source’s finite impedance.



(d)

par(diff_g y’ _T axl%tlhrl(gu_t (=

1 — -5 0 50 0.1
V'OUtléft [ Voutright)m (V) L L I 1 ' L L |m ' i L i 1

N e Differential mode

ks transfer curve
ol o S

0.5 T

- : . e

derisiof ¥ mgexis: stope of Vyu (nounit)
o s . /
f -6.5

7

Slope wh_gé5

differential™. o
™~
input is eéqual

8.5

v JS

HERTZ(H2) (lin) ' " 01 0.1

Fig. 4 Differential mode transfer cuirve and its slope

Differential input is equal

(=Vin_le ft= Vin_right)

Vaigr is parameter in hspice .

Discussion: according to fig. 2, V4 of Mx1is 0.093V. Thus, |Vip 1ert — Vin rigntl

maximum is V2 X V,; = 0.131, which is maximum value of x-axis. According to fig. 4, the

slope is -9.01 when differential input is equal.
Hand calculation:
gain = g, X (r,//R4). Since differential amplifier can be viewed as its half
circuit when it’s symmetric. Thus, g,, and 7, can be obtained from fig. 2 mx1_|left.

35K

1 x38
Gain = -262.0082ux 2%aiw "

=-9.0068. It’s pretty close to simulation result (-
+38.35K

3.0144u

9.01)!

x — axis: Vgirr (V)



(e)
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Complex poles

and zeros don’t

/ exist on Fig .6

ko k kK role/zero analysis
input = 0:vl output = v(vout left)
poles (rad/sec) poles hertz)
real imag real imag
-17.3208x 0. —-2.75669x 0.
-19.1847x 0. —3.05334% 0.
-2.60811g -1.47314qg -415.094x —-234.458x
-2.60811g 1.47314qg -415.094x 234.458x
-3.14603g 0. -500.706x% 0.
zeros (rad/sec) ZETOS hertz)
real imag real imag
-17.3915x 0. —2 . 76795 0
-2.17703g -624.314x —-346.485x -99.3627x
-2.17703g 624 .314x —-346.485x 99.3627x
53.9868g 0. 8.59227g 0.

Fig. 5 Poles and zeros analysis results

y—fg&égg gain’(dB)... 1%

odb

-20db

-40db

-60db

-80db

-100db

1k

i
10k

Pole2

l(?M

IOPM

~%:3.05M ¥6.37 (16.1db) |

U I
100k 1M

1
10M

1
100M

1G 106G 1 OiOG
1

Zerol
“|X:2,76M ¥6.68 (16.5db)

Zero2 :
(72.6db) |

 %:8.596G %2354

x-axis: frequency (Hz)

1
1G 106G 100G

Fig. 6 Frequency response and poles & zeros analysis results

As shown in fig. 6, frequency of Zero1 is close to that of polel, they can cancel each other. (since pole leads

to the decrease of the frequency response curve slope by 20dB/dec and zero leads to the increase of the
frequency response curve slope by 20dB/dec). (So pole2 is the dominant pole for bandwidth.) And, there
are only pole2 (3.05MHz), pole3 (501MHz), and zero2 (8.59G) remaining! And | can use high frequency

model for common source to hand calculate them.



Hand calculation: use high frequency model of Common source, (Notation: R= R;//7,)

Vout (Cep — gm)R {a = RsR(C45Cqp + CppCsp + CsCpp + CopCr, + CGSCL)}
Vi, as?+bs +1 b =1+ gmR)CspRs + RsCss + R(Cpp + Cep + (1)

Small signal parameters can be obtained through fig. 2!

,Where

There is a zero

262 x 1076

w, = CGD , = 33342 2 1050 20 = 12.5GHz (simulation result is 8.59GHz)

There are two poles , supposed wp, > wy,; (dominant pole approximation)

1 1
Wpl = =
b (1+gmR)CepRs+RsCes+R(Cpp+Csp+CyL)
S b _ (1+gmR)CepRs+RsCGs+R(Cpp+Csp+CL)
p2 a RsR(CsCep+CpBCp+CasCpp+CapCL+C6sCL)

Using the value from ] 5, | can get two poles : (Note: C;, = 1.5pF Ry, = 5kohm)

fo1 = 2 = 3.21MHz (simulation result is 3.05MHz)

fo2 = % = 548MHz (simulation result is 501MHz)

¥ g ET simulationresults AR F B 2EL > Ty R p L BAEARH G T - B iF

LR BN

i

H A Wpy D> Wy 3B B BR o Bwp B AP W, B Sy o g R
2%, hand calculation §2 simulation results er#ic 8 5B & F %tero f £ 7 5 ﬂ!;rs M iR

BEfnd 3 53 0MizBEE S f,+ £7 % 2106 =+ e 5 o ¥R

complex poles & zeros # # “k F|¥ 5 £k p T B ¥ &7 parasitic capacitor °



(f)

10KHz

-axis:Poutput. differentidtvoltage®fV) . . . %v, , , Tow  — —Tou T ma0u T TAspu T Tspu A0t
(T ‘- : I ‘ ‘ : i ;

: : : : : . : PR 7\
TIME(sec) (lin) 0 20u 40u 60u 80U 100u 120u 140u 1600 X-AXIe 'TME (S

Fig. 7 output waveform when input amplitude = 11mV at 10KHz

100KHz

y-@xis: outper ditferenttal voltagétv) , , %, , , 0w, 19, 140,

il

T e B e O N B e [ B e O R = e & = = = e =

Fig. 8 output waveform when input amplitude = 11mV and 100KHz



1MHz

-

y'xgq-.nufpﬁ_’f differential voltag SV . P aw g ;
SO DR S o, o] 1w - 3 R - — :

ISR N O 1 SO O 40 T IR | B e deneded oo ettt A 00 O T L 61 SO O 410 N T

TPRN S (SRR | CHY 15 1 SRR 1 SRR = | SRS [ SISO/ [ GERRA, | Senert Ll L TR | IR | CRRCRR | SO0 :

— T r—r— T T T—T——T—7}
0 2u 4u 6u

Fig. 9 output waveform when input amplitude = 12.2mV and 1MHz

According the definition of linear range, my linear range is 12.2mV!

10MHz

0. = 2u 4u Bu BU 100
LYaxis: 0

M
P
=+
j®
-
I

~

>

[20m

-20m

x-axis: Time (s)

T U v (] { i T T ¥ U T T T T T U

o ' "o au 6u Bu ' ' "1

Fig. 10 output waveform when input amplitude = 16mV and 10MHz



Hand calculation:
By definition, -60dB distortion, input amplitude < 0.2V, 4 51 According fig. 2 Vg a1
is93mV. 0.2%X 0.93 =18.6mV. So the linear range is supposed to be lower than 18.6mV. In

my case it’s 12.2mV.

Error rate = % -34.4%. It's quite large! The definition of linear range is based on

input amplitude << V,g mx1. In my design Vyq iyt is only 7.75X input amplitude. So this

assumption doesn’t apply to my case, which leads to error.

(f)

Bandwidthxlinear range

FOM = , and assume linear range = 0.2V,4 51, bandwidth =

power

e (use the low frequency model for the convenient analysis)
d*LlL

02XV od mx1

Therefore FOM =

RdXCLXO.SXﬂnXC()x%X (Vgs—Vin)2(1+AVps)
0.2

w
RaXxCpX[0.5XUnXCox7X(VGs=Vin)(1+4Vps)]

Un, Coyx, Cp is fixed!

1. lwant to decrease V,q mx1 (i.e. Vgs — Vi), butit will cause Vg toincrease as well
(Voa mx1 ¥, the effective resistance of MOS 1 ). So | increase the length of mx1 to

compensate it. Also V,4 mx1 €an not be too low, or length of mx1 would be so large that
it exceeds the limit in ‘cic018./".
2. Reduce the value of R, at the same time, it will cause Vjs toincrease as well (Vpg =

R . . .
VDD x —225m ) 55 |ength of mx1 is supposed to increase to avoid large Vpg.
Rg+RM0S mx1

1

3. And note small signal gain = g,, X (Ry//7,) needs to be higher than 9, 7, ;1 X TR
mx1

When R; !, 1, 1 as I, T.Thus R; cannot to be too low. Therefore gain is designed
to be as close to 9 as possible so that R; could be lower.

4. Reduce width of mx1 and make sure g,, is high enough to let small signal gain larger
than 9.



Hspice code

.prot

dib 'cicO18.I' TT
.unprot

.option

+post
+accuracy =1

+ DELMAX = 1e-10

.param V_diff=0

*resistor

Rd_left VDD Vout_left 38.35k

Rd_right VDD Vout_right 38.35k

Rs_left Vi+ Vg_left 5k

Rs_right Vi- Vg_right 5k



*capacitor
CL_left Vout_left gnd 1.5p

CL_right Vout_right gnd 1.5p

*MOS
Mx1_left Vout_left Vg_left common_sourcegnd n_18 w=9.5ul=1um=1

Mx1_right Vout_right Vg_right common_sourcegndn_18w=9.5ul=1um=1

Mx common_source VBS1gndgndn 18 w=40ul=5um= 1

*voltage sources

vl Vi+ VBS DC 0.5*V_diff AC0.50
v2 Vi- VBS DC-0.5*V_diff AC 0.5 180
v3 VBS gnd DC 0.7

v4 VBS1 gnd 0.51

v5 VDD gnd 1.8

*e

*AC analysis



ACDEC10k 11T

.probe AC

+differential_gain = par('V(Vout_left)-V(Vout_right)’)
+cdb = LX29(Mx1 _left)

*pole zero analysis

.pz V(Vout_left) vl

*tf analysis

tf V(Vout_left, Vout_right) V1

*c

*DC analysis
.DCv301.80.01
.probe DC

+s|0pe = deriV('V(VOUt_Ieft)')

*b

*op analysis

.0p

*d



.alter
.DCV _diff-0.131 0.131 0.001
.probe DC diff_gain = par('V(Vout_left)-V(Vout_right)')

.probe DC slope_diff = deriv(diff_gain)

*f

.alter

v1 Vi+ VBS sin(0 11m 10K On)
v2Vi-VBSDCOACO

.tran 2u 200u

four 10K V(Vout_left, Vout_right)

.alter

vl Vi+ VBS sin(0 11m 100K On)
v2 Vi- VBS

.tran 2u 200u

four 100K V(Vout_left, Vout_right)

.alter
vl Vi+ VBS sin(012.2m 1x On)

v2 Vi- VBS



.tran 2u 20u

four 1x V(Vout_left, Vout_right)

.alter

vl Vi+ VBS sin(0 16m 10x On)
v2 Vi- VBS

.tran 2u 10u

four 10x V(Vout_left, Vout_right)

.END



