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MOS Current Sinks & Mirrors
As with the BJT circuits in order to realise high voltage gains we require a high RL so that

effectively the MOS FET gain will be -gmrgs. Realistically if we use an active load using
another device we will end up with two rg’s in parallel giving a voltage gain of:-

AV:-gmr"?s Orin termsof conductance wherer, :i AV =-gm(2g,)

Current Sink (N-type)
For saturation in constant current region
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Current Source (P-type)

For saturation in constant current region

VDD
A
lout
gate
Gate at Y
some fixed lout
voltage Vout
VGS < (Vg+Vro-Vss) for v >
saturation — Vss VE Vour
Ve = (VG +Vio - Vss)
1 1
=T R R
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Simple current Mirror

Irer lout v

‘ Vout

M2
Vss

Advantage is that the circuit is simple with a high output swing but the disadvantage is the low
output impedance.

VIN(MIN) = VDSAT + VT

VOMIN = VDSAT

1
R =
agm,
ROUT g0, =42

It is apparent that varying the W/L allows different current sink values for example the next
circuit is designed to give a current sinks of TmA and 2mA. For the design calculation the first
MOS device can be considered as a diode — therefore the current set resistor will be (3-
0.7)/1mA. The third device has double the width of the first two devices and therefore sinks
double the current.
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L 3V 3V
Z5.85 mA 3 v R R
R2 R3
+] E . R=500 Ohm R=500 Ohm
53 [oc 48V 03V
= Vv.bC R=2000 Ohm 4 104 doeviA + 7198 20vhA
Te = SRC1 .26V |_Probe |_Probe
DC1 0 Vvdessov 808 uA _3@ 1 _9@ 12
Other=
VAR
VAR2
F W=100
L=0.5
LAMBDA=0.1/L MOSFET_NMOS MOSFET_NMOS MOSFET_NMOS
MOSFET1 MOSFET2 MOSFET3
LEVEL1_Model Model=MOSFETM1 Model=MOSFETM1 Model=MOSFETM1
MOSFETMH1 Length=L um Length=L um Length=L um
NMOS=yes Cgbo= Kf= Width=W um Width=W um Width=2*W um
PMOS=no Rsh= Af= Ad= Ad= Ad=
Vto=1 Cj=1e-4 Fc= As= As= As=
Kp=50e-6 Mj=0.5 Rg= Pd= Pd= Pd=
Gamma=0.6 Cjsw=5e-10  Rds= Ps= Ps= Ps=
Phi=0.8 Mjsw=0.33 Tnom= Nrd= Nrd= Nrd=
Lambda=LAMBDA Js= N= Nrs= Nrs= Nrs=
Rd= Tox=150e-10 Tt= Mult=2 Mult=2 Mult=2
Rs= Nsub= Ffe= Region= Region= Region=
Cbd= Nss= Imax= Temp= Temp= Temp=
Cbs= Tpg= AllParams= Mode=nonlinear Mode=nonlinear Mode=nonlinear
Is= Ld=
Pb=0.95 Uo=
Cgso=5e-10 Nlev=
Cgdo=5e-10 Gdsnoi=1
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Wilson Current Mirror
VDD

IOUT

IREF ¢

M3

Vout

M1 M2

VSS

VOUT(MIN) = 2VDSAT +Vy

gms,
gdsS 'gds1

rout ~ 2 gMy (Fys/ITaer)

This circuit has high output resistance but suffers from Vds mismatch between M1 & M2.
Vst = 2(VDSAT + VT) while Vg, =Vpgar + V5

If vgs1 = Vgs2 the two drain voltages will be on the same Vs vs lgs curve (for a given vg) but in
different positions. As 1/A is finite then the V¢ vs l4s curve will not be flat but will have a slope
therefore each VDS will have a different value of IDS, so for this current mirror Iy # lour.
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Improved Wilson Current Mirror
We can greatly reduce this mis-match by adding another transistor to the Wilson current

mirror, making

VDS1 = VDSZ = Vpsar T VT

The value of ry is the same.
VDD

- ®

lout

M3
| ot

 — | M4 |
Vout

r"\’” |v|2|

VSS
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We would like a high resistance load to connect to our amplifier in order to obtain high voltage
gain. Adding a current source will do this ie

Voo
Q2
04{ - Rus2
v | T

Vin
A
Ras1 i
Vout
ate
}gg_{ Q1
Gate at Vss
some
fixed bias
|
QL 4 i Q2
[}
g ! A
Oo0——O I
A 9mVin Rds1 i
[}
i Vout
. ! Rds2
Vin |
[}
[}
|
|
o o i -
[}
s |
VOUT

V :_gm1(rds1//rd32) = -gm1(go1+902)
IN
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The increase of the output resistance is limited to 1/rds but this can be increased by adding a
resistor to the source as shown below:

IOUT

IOUT A
<« A
d -gmVx
\' a
— _
— VOUT
- S VOUT X
“Vy
Vy 5
RX I Vx

-Vss
If we assume to start that the source is grounded then the voltage gain A =

A=gmR

V, =AY,

Rour =—>=AR, = gmR, R,

The next circuit shows the advantages of active loads on the available gain of the circuit.
Ideally for high frequency op-amps etc we require the highest gain possible. The circuit runs
off a 5V rail and is loaded with a resistor. If we assume a bias current of 10mA and also
assume that Vds = 2.5V then this will set the bias load resistor and also the gain.

R _VesVos _ 5-25 _
LOAD los 10x10°3

A, then = -gmR ,, = -0.027 *250 =6.75 in dB=20 *Log(7.75) =16.6dB
The circuit was confirmed using an ADS simulation



[ -~ | zBE,RAC2Microwave Th g0, o a0

- f
www.ric:co

VIYe. g

_L#.m

Include Netlist

NetlistDebugMode=0

spicelnclude \' DC
SPICE1 SRC1
File="tsmc_typical2.net" L

& R
AR R2
= § R=250 Ohm
DC1
SweepVar=
Start=0 vout
Stop=3
Step=.1 vout

Other=OutVar="MOSFET1.Gm"

[ |
1 | I
@ AC DC_Block
DC_Feed

w

DC_Block —
AC -
AC1 +1 V.AC MM9_NMOS
Start=1 MHz SRC2 _ MOSFET1
Stop=2000 MHz @ Vac=1V DC_Feed1  Model=MODnch3_1
Step= Freq=freq Length=0.5 um
- Width=100 um
L i Ab=
— V_DC Ls=
SRC3 Lg=
VAR — Vdc=VGS Temp=
VAR1 _l Mult=2
VGS=1.1 Mode=nonlinear
VDS=5 —

The gate source voltage (Vgs) is set to 1.1 to give ~ 10mA of drain current. The resulting plot
shows the gain agrees with the theory at 16dB.

16.24
16.22—

16.20—]

dB(AC. 16.18]
vout)

16.16—
1614
16.12
16.10
16.08
16.06—— —

00 02 04 06 08 10 12 14 16 18 20

freq, GHz

DC.IDS.i DC.vout Gm
9.950mA 2512V 0.030
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If we wanted higher gain — say double to 32dB we would require a larger drain load resistor ie
Av (ds) 32

Ay =20LOG(A,) A, :10[ 20 j A, =1o(20J =39.8

The load resistor required to give this gain =

39.8
Ay =9mR o Riow = 0.027 =1K470Q

BUT in order to main the original bias on the device we will now require a larger supply
voltage ie

V,ono =Rionp-lps =1470*10x10° =14.7V

Vs = Vionp +Vps =14.7 + 2.5 217V

Clearly this is inconvenient and is also wasteful in power dissipation. The solution is to use an
active load. The following circuit has been modified to include a P-MOS current mirror on the

N-MOS device drain to present a high Rds to the N-type device.



|_Probe
MM9_PMOS
MOSFET5
Model=MODpch3_1
Length=0.5 um
Width=100 um —
Ab= | | | > I |
Ls= I Ivvef vref I_ I
Lg= S S
;\rﬂirl?fg sV _DC vref vout
Mode=nonlinear t_SRC_1 | |vout
= Vdc=VDS |_Probe
T — — , |1 | Il
- A 3 Iref 4 |1 | <+ I
. DC_Block |5
= DC_Block L
iR =
R1 ++ Vv.Ac
‘ R=500 Ohm SRC2 DC_Feed
Include Netlist Vaoet V DC_Feed1
spicelnclude 1 Freg=freq é
SPICE1 = =
File="tsmc_typical2.net" ———
NetlistDebugMode=0 - V_DC
+| SRcC3
s |oc &%5 |ac EJVAR I VdeVGS
e — VAR1 -
AC VGS=.98
DCt VDS=5 —
SweepVar= AC1 —
Start=0 Start=1 MHz
Stop=3 Stop=2000 MHz
Step=.1 Step=

Other=OutVar="MOSFET1.Gm"

The resulting plot of the CS stage with active P-MOS enhancement load.

Sheet
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MM9_PMOS
MOSFET4
Model=MODpch3_1
Length=0.5 um
Width=100 um
Ab=

Ls=

Lg=

Temp=

Mult=2
Mode=nonlinear

MM9_NMOS
MOSFET1
Model=MODnch3_1
Length=0.5 um
Width=100 um
Ab=

Ls=

Lg=

Temp=

Mult=2
Mode=nonlinear
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34

dB(AC.vout)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

freq, GHz
DC.IDS.i DC.vout Gm DC.lIref.i DC.vref
7.522mA 2.534V 0.027 6.481mA 3.240V

The only snag with this circuit is that it is difficult to hand calculate the correct bias conditions
as they are interactive. Variation in the bias in the current mirror will effect it's resistance and
hence the voltage applied to the CS drain and the voltage gain.

The reference P-Type device is acting as a resistor because the gate and source are
connected together which, on a P-type enhancement device is below the threshold voltage
and the device is working in it's cut-off region.

We will now go through step by step designing the CS amplifier for a 5mA bias.
The first stage is to determine the bias gate voltage required to bias the CS stage with SmA.

To do this we need to simulate the output trace with VDS and obtain the following trace with
an applied gate voltage of 0.915V.
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We now need to determine what gate voltage to apply to the P-MOS current source active
load also to give 5mA with a VDS of 2.5V.
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@ |_Probe
IDS
V_DC
+] sre1
— Vdc=-5 V_DC | ||
-T Ji SRC3
— Vdc=VGS s
- VAR
VAR1
= — VGS=0

&3 [bc

| D)
DC1
SweepVar="VGS"

Include Netlist

Start=0

Stop=-4

Step=-.1
Other=OutVar="MOSFET1.Gm"

spicelnclude

SPICE1
File="tsmc_typical2.net"
NetlistDebugMode=0

MOSFET_PMOS
MOSFET3
Model=MODpch3_1
Length=0.5 um
Width=100 um
Ad=

As=

Pd=

Ps=

Nrd=

Nrs=

Mult=2

Region=

Temp=
Mode=nonlinear

Sheet
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The resulting plot shows the voltage to get 5mA Ids is —1.6V. Therefore Vref applied to the

gate needs to be 5-1.6 = 3.4V.
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m1
VGS=-1.600
plot_vs(IDS.i, VGS)=-0.005

. m1

IDS.i ]

-0.050 LI I Y B O
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

VGS

Finally we need to simulate the P-MOS device with gate-source 0V and a load resistor
connected ie
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¢ V. DC VARI
+| SRC1
— Vde=5 LOAD=0
e VDS=3.3 vref

|_Probe
IDS

VAR

DCA R=LOAD Ohm

SweepVar="LOAD"

Start=100

Stop=1000

Step=100
Other=OutVar="MOSFET1.Gm"

Include Netlist

spicelnclude

SPICE1
File="tsmc_typical2.net"
NetlistDebugMode=0

Resulting simulation result.

IDS.i

% [oc] §

MOSFET_PMOS
MOSFET3
Model=MODpch3_1
Length=0.5 um
Width=100 um
Ad=

As=

Pd=

Ps=

Nrd=

Nrs=

Mult=2

Region=

Temp=
Mode=nonlinear

0.024
LOAD vref
h 100.000 2174V
0.022 _| 200.000 2.677V,
\ 300.000 2.944 V|
\ 400.000 3117V
7\ 500.000 3.240 V
0.020_| \ 600.000 3.335 V]
700.000 3.410V
1) 800.000 3.472 V]
\ 900.000 3523V
1000.000 3.567 V
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|_Probe
1 l IDS
MM9_PMOS
MOSFETS
Model=MODpch3_1
Length=0.5 um
Width=100 um
Ab= I } | Ii
Ls= I ! vref vref ! I
%_9: _ s 5
M?JTQEZ_ V_DC vref vout
_ . +| SRC1
Mode=nonlinear Vdo=VDS vout
e c= |_Probe Il |
- v 3@ Iref 17 1 4—'|||
A DC_Block —_LS
= DC_Block ——
R —
R1 V_AC
‘ R=700 Ohm SRC2 DC_Feed
Include Netlist Vaceq V DC_Feed1
spicelnclude Freg=freq
SPICE1 =
File="tsmc_typical2.net"
NetlistDebugMode=0 V_DC
+| SRC3
e oc] &5 [Ac VAR - Veenves
AC VGS=0.915
DCt VDS=5 =
SweepVar= AC1 =
Start=0 Start=1 MHz
Stop=3 Stop=2000 MHz
Step=.1 Step=

Other=OutVar="MOSFET1.Gm"

Sheet
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We can see that to achieve a gate voltage of 3.4V we set the load resistor to 7000hms

Putting all these blocks together we can simulate the complete amplifier now set with a bias
current through the CS stage of 5mA.

MM9_PMOS
MOSFET4
Model=MODpch3_1
Length=0.5 um
Width=100 um
Ab=

Ls=

Lg=

Temp=

Mult=2
Mode=nonlinear

MM9_NMOS
MOSFET1
Model=MODnch3_1
Length=0.5 um
Width=100 um
Ab=

Ls=

Lg=

Temp=

Mult=2
Mode=nonlinear

Resulting final plot of the amplifier voltage gain and bias points showing the Vref at 3.4V and
the VDS on the CS stage at 2.5V as required.



/ il j () - B i I i Sheet
[ [ P = B.FJ' ., -.El | %. r.'.‘.l. .ul! ...ﬂ, AN Ille..l!.tw y, I_].Es!.l!,l,I.IJ 18 of 20

LN
wwwirfic:co.uk

R |

34

32—

30
dB(AC .
vout) 287

26—

24—

22—

20—

18 L R L I IR R I B
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

freq, GHz

DC.IDS.i DC.vout Gm DC.Iref.i DC.vref
5.937mA 2512V 0.025 | 4.872mA 3.410 V
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Finally the circuit has been re-designed for a bias current of TmA — NOTE the very large Load
resistor required:

@ |_Probe

1 l IDS
MM9_PMOS
MOSFET5
Model=MODpch3_1
Length=0.5 um [_ _] MM9_PMOS
Width=100 um MOSFET4
Ab= | |_.<_ | | _._| | Model=MODpch3_1
Ls= I Hurer vief ! | I Length=0.5 um
_I}g= B s < X{ﬁth:mo um
M?JrITtEZ_ V_DC vref vout Ls=_
_ . +| SRC1 —
Mode=nonlinear L \do=vDS | Jvout Lg=
= ] |_Probe . 11 ) | || Temp=
- i 3 Iref - LR 1 [ I Mult=2
Mode=nonlinear
. . DC_Block |5
= DC_Block L
iR =
R1
V_AC
+ _
Include Netlist R=40 KO SRC2 DC_Feed mgSSJI?NE'\'Iq?S
Vac=1V DC_Feed1 Model=MODnch3_1
spicelnclude Freq=freq Length=0.5 um
SPICE1 = - Width=100 um
File="tsmc_typical2.net" L Ab=
NetlistDebugMode=0 - V_DC -
+] SRC3 tS:
ar — Vdc=VGS 9=
@ DC @ AC VAR c Temp:
— VART =~ Mult=2
AC VGS=0.635 _ .
DCA1 VDS=5 Mode=nonlinear
SweepVar= AC1 - =
Start=0 Start=1 MHz
Stop=3 StoprOOO MHz
Step=.1 Step=

Other=OutVar="MOSFET1.Gm"
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35
30—
dB(AC.v 25—
out)
20—
15
10
5 T | T | T | T I T | T I I I ; | 1 i ,

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

freq, GHz
DC.IDS.i DC.vout Gm DC.lIref.i DC.vref
1.085mA 2.550V 0.007 104.5uA 4180V

In Summary the use of an active P-MOS load allows for a high gain circuit by presenting a
high load resistor to the CS stage ie Rds in parallel with the CS stage Rds, but sourcing the
required current. A resistor can be used, but for high gains a large resistor is required
resulting in a large supply rail if using high bias currents.
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