The Common-Drain Amplifier

Basic Circuit

Fig. 1 shows the circuit diagram of a single stage common-drain amplifier. The object is to
solve for the small-signal voltage gain, input resistance, and output resistance.
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Figure 1: Common-drain amplifier.

DC Solution

(a) Replace the capacitors with open circuits. Look out of the 3 MOSFET terminals and
make Thévenin equivalent circuits as shown in Fig. 2.

VIR + VR,

Vs — R = Ry||R
fele R GG 1]| R

Vs =V~ Rgss = Rg Vop=V"* Rpp =10

(b) Write the loop equation between the V¢ and the Vgg nodes.
Vae — Vss = Vs + IsRss = Vgs + IpRss

(c) Use the equation for the drain current to solve for V.

(d) Solve the equations simultaneously.

I
IpRss 44/ ?D + [(Vae — Vss) — Vro] =0
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Figure 2: Bias circuit.

(e) Let Vi = (Vgg — Viss) — Vro- Solve the quadratic for Ip.

. <\/1 T 4KV, Rss — 1)2
; 255 VK

(d) Verify that Vpg > Vs — Viro = /Ip/ K for the active mode.

Vbs =Vp —Vs = (Vop — IpRpp) — Ve = Vpp — Vss — IpRpp

Small-Signal or AC Solutions

(a) Redraw the circuit with V' =1V~ = 0 and all capacitors replaced with short circuits as
shown in Fig. ?7.

Figure 3: Signal circuit.

(b) Calculate g, s, and ¢ from the DC solution.

1 Va+ V¢
gm =2/ KlIp ry — — T():#
9m c
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(c) Replace the circuits looking out of the gate with a Thévenin equivalent circuit as
shown in Fig. 4.
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Figure 4: Signal circuit with Thévenin gate circuit.

Exact Solution

Note that the Thévenin resistance R;; seen looking out of the drain is zero. This exact
solution is also valid for circuits where R;q # 0.

(a) Replace the circuit seen looking into the source with its Thévenin equivalent circuit
as shown in Fig. 5. Solve for v,(,).
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s(oc) — - s — I's—™ Ryy=0
Fs(e) Utg7‘3+7“0 " " Ts +7To i
Tout
@s(oc) Yis
= )
o)

Figure 5: Thévenin source circuit.
(b) Solve for v,.

Rs|Ry _ _ Ri|R: _ RslR,
“Vri+ Rs|R, ~ Rs + Ri||Raris + Rs|| Ry

(c) Solve for the voltage gain.

Vo = Vsg(

A = Vo _ RIHRQ RSHRL
Yoy Ry + Ry||Ry 15 + Rs|| Ry
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(d) Solve for 7,.
Tin = Iy HRz
(e) Solve for 7,y.

Tout = Tis ||RS

(f) Special case for ry = oc.

VUs(oc) = Vtg Tis = Ts

Example 1 For the CS amplifier of Fig. 7, it is given that R; = 5k, Ry = 5M,
Ry = 1MQ, Rp = 10k, Rs = 3k, R3 = 500, Ry, = 20kQ, VT =24V, V- = —24V,
Ko = 0.000A/V?, Vo = 1.7T5V, A = 0.016 V1. Solve for the gain A, = v,/v;, the input
resistance r;,, and the output resistance r..:. The capacitors can be assumed to be ac short
circuits at the operating frequency.

Solution. For the dc bias solution, replace all capacitors with open circuits. The Thévenin
voltage and resistance seen looking out of the gate are
VTR + V™ Ry
Vee =
Ri+ Ry

— 16V Rpp = Ri||Ry = 833.3kQ2

The Thévenin voltage and resistance seen looking out of the source are Vsg = V'~ and
Rss = Rg. To calculate Ip, we neglect the Early effect by setting K = K. The bias

equation for Ip is
o - (LT
2K Rsg
To test for the active mode, we calculate the drain-source voltage

2
) = 1.655 mA

Vps =Vp—Vs=V*— (V™ 4+ IpRss) = 43.036 V

This must be greater than Vg — Vo = \/Ip/K = 1.286 V. It follows that the MOSFET is
biased in its active mode.

For the small-signal ac analysis, we need ¢,,, s, and ro. When the Early effect is ac-
counted for, the new value of K is given by

K =Ky (1+\Vps) =1.680 x 1073 A/ V?

Note that this is an approximation because the Early effect was neglected in calculating Vpg.
However, the approximation should be close to the true value. It follows that g,,, rs, and rg
are given by

1
Gm =2V KIp=3343x 10°A/V  r,= o 299.135)

_ A4 Vbs

= 63.78 k2
. 63.78
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For the small-signal analysis, V™ and V'~ are zeroed and the three capacitors are replaced
with ac short circuits. The Thévenin voltage and resistance seen looking out of the gate are
given by

Vg = v-—R1HR2
Y "R+ Ri|R,

The Thévenin voltage and resistance seen looking into the source are

R
VUs(oc) = Vg2 = 0.989y;  Ru=0 1= p 0TI g7 735.0)
Ts + 70 Ts + 7o

The output voltage is given by

Rs|| Ry,
o — Us(oc —:08881
Po = Yl )7”1‘5+RSHRL ’
Thus the voltage gain is
A, = =2 =0.888
V4

The input and output resistances are given by

Tin = R1||R2 = 833.3k) Tout = Tz‘sHRS = 270.86 2

Alternate Solutions

Because the Thévenin resistance R;q seen looking out of the drain is zero, the drain-source
resistance ro connects from source to ground. In this case, an exact solution can be obtained
with ry in the circuit. In cases where R,y > 0, let 1o = oo (an open circuit) to obtain
approximate solutions.

Simplified T Model Solution

(a) After making the Thévenin equivalent circuits looking out of the gate, replace the MOS-
FET with the simplified T model as shown in Fig. 6.
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Figure 6: Simplified T model.




(b) Solve for v,.

; rol| Rs||Rp ; Ry || Ry rol| Rs|| Rr
t — U
g’l“s—f—?”oHRSnRL RS—f—RlHRQTs—f—ToHRsnRL

Vo =

(c) Solve for the voltage gain.

W\ RlR_ nlRdR
° Ui R5+R1HR27’S+TOHR5HRL

(d) Solve for 7,.
Tin = I HRz
(e) Solve for 7.

Tout = TOHTSHRS

Example 2 Use the simplified T-model solutions to calculate the values of Ay, Tin, and 7oy

for Example 1.
A, =0.994 x 0.893 = 0.888

Tin = R1||R2 = 833.3k() Tout = 270.86 2

7 Model Solution

(a) After making the Thévenin equivalent circuits looking out of the gate and source, replace
the MOSFET with the 7 model as shown in Fig. 7.

Figure 7: Hybrid-7m model.

(b) Solve for ..

! -/

. (4 . [ .
Utg = Ur + Z;T()HRSHRL = g—d + Z;TOHRSHRL = g— + Z;TOHRSHRL
= 1, =7 Utg
g—+T0||R5HRL



(c) Solve for v,.

, v
ve = irol|Rs|| Ry = X ro|| Rs|| Ry,
g—+7‘0||RSHRL
_ R roll Rs|l R
'Ry + Ri||Rs 1
FIIE Ry

m

(d) Solve for the voltage gain.

_ U RiR rol| s Re

A = 22—
v ] 1
(4 R5+R1‘|R2 +7a()HRS”RL
(e) Solve for 74,.
Tin = RlHR2

(f) Solve for r,,.First, solve for the open-circuit output voltage. This is the output

voltage with R = oo.
7ol Rs

Vo(oc) = Vtg
— + TOHRS

m

Next, solve for the short-circuit output current. This is the output current with R; = 0.
The output current is given by

i = Vo . Utg TOHRSHRL - Utg 7’0||R3
° R, 1 R 1 R R
Lo —snlRslRe T —mrsfr, T oS
9m 9m
Now, let R;, = 0 to obtain
, v
Lo(sc) = % = gmUyg
9m
The output resistance is given by
1 1
o = 22— Tollfts L _ Ly p
Lo(sc) il _i_,,,.OHRS m m

Note this is simply 74||ro|| Rs, an answer that is obvious using the simplified T model.

Example 3 Use the m model solutions to calculate the values of A, 7in, and o for Example
1.
A, =0.994 x 0.893 = 0.888

Tin = R1||R2 = 833.3k0) Fout = 270.86 )



Figure 8: T model circuit.

T Model Solution

(a) After making the Thévenin equivalent circuits looking out of the gate and source, replace
the MOSFET with the T model as shown in Fig. 8.
(b) Solve for ..

vig = iy (rs +rollRsl|RL)
. Utg
— ;—
7‘5—1-7“0HRS||RL
(c) Solve for v,.
vo = irolRs|| Ry = ———&——ro||Rs|| Ry
Ts+T0||RS||RL

. Ri||R, rol Rsl| Rr
"Ry + Ri||Ry rs + 1o Rs|| Ry,

(d) Solve for the voltage gain.

W\ RlR_nlRdR
° Ui R5+R1HR27’S+TOHR5HRL

(e) Solve for 74,.
Tin = Ry HR2

(f) Solve for r,,. First, solve for the open-circuit output voltage. This is the output
voltage with R; = oo.

rol| Rs
tg Ts +r 0 ||R5
Next, solve for the short-circuit output current. This is the output current with R, = 0.
The output current is given by

Vo(oc) = U

io= Yo _ Utg roll Rsl| R Vg rol| Rs
o = —

RL Ts—l—T()HRsHRL RL - TS+T0||RS||RL RL+T0||RS




Now, let R;, = 0 to obtain

. Utg
Lo(sc) = —
Ts
The output resistance is given by
Uo(oc) 7a()HFiS
Tout = = Ts = TSHTOHRS

io(sc) B Ts + TOHRS °
This is the same answer obtained from the simplified T model.

Example 4 Use the T-model solutions to calculate the values of A,, Tin, and rou for Ez-
ample 1.
A, =0.994 x 0.893 = 0.888

Tin = R1||R2 = 833.3k() Tout = 270.86 €2



