SECTION 6: INTEGRATED
CIRCUIT BUILDING BLOCKS
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Integrated Circuit Design Principles
e

On-chip real estate is at a premium
o Chip area is costly

High-value resistors consume too much area and are avoided
o Use transistor current sources for loads and biasing

High-value capacitors consume too much area
o Amplifier stages typically directly coupled

Must account for transistor output resistance
o Device dimensions are smaller

Do not have precise control over device parameters
o But, precise matching of devices is attainable

Designers have control over transistor dimensions
O Gate/channel aspect ratio: W, L for CMOS devices
O Emitter area: W, L for BJTs
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Building Blocks of Integrated Circuits
-
Analog integrated circuits make use of several very
common building blocks:
Amplifiers

o The amplifiers we have already learned about, with
some modifications

o Cascode amplifiers employ current buffers between
transconductance devices and loads

Current sources/current mirrors
o Active loads for amplifiers
o Biasing for amplifiers and other circuits
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- Current Mirrors
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Active Loads

Transistor current sources are typically used as amplifier
loads instead of resistors

o Higher resistance, higher gain

o Smaller area
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Current Mirrors

Current sources are used everywhere on ICs
o Amplifier loads
o Transistor biasing

Single circuit used to generate a reference current
o Often a single bias generator circuit on a chip

Reference current is replicated, and scaled, as
needed at various circuits across the chip

o Current steering

Replication of current accomplished by current
mirrors
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Current Mirror — Basic Principles

Current mirrors have two

components:

Transresistance stage

o Current-to-voltage conversion

O Low input resistance IO\I/

O Generates a voltage (Vg or Vi)
proportional to the input current (/-

or Ip) "y
Transconductance stage toV ——— V-to-|
o Voltage-to-current conversion T T
o High output resistance (a current

source)

o Generates a current (I or Ip)
proportional to the input voltage
(Vg or Vs)
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Current Mirror — Transresistance Stage

.,
Current-to-voltage conversion

Diode-tied transistor
O Base/collector or gate/drain connected together
o Looks like a diode

Reference current applied to collector or drain

Base-emitter or gate-source voltage generated
proportional to collector or drain current

VCC VDD

lres GD VGS _ 2ID + Vt

_VOBE :| }7_\/0(35

~

Iref ‘D
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Simple MOS Transresistance Stage
e

Drain current

1 w
rer = 3ka () Wop = IpR = V)2 Voo
A quadratic equation for I .. 'refl% R

R?If.s — |2(Vpp — VIR + ——7=

2 2
r (W
Kkn (T) }7_\/065
O Solve to determine .. ¢

Or, to determine R for desired .. ¢:
o Calculate overdrive voltage, Vyy

o Determine gate voltage

o Apply Ohm’s law:

Vop — Ve
Iref
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Simple BJT Transresistance Stage

Resistor in series with a diode-tied transistor

Current through the resistor y
CcC

Vee — Ve

Iref — R Irefl% R

Using the large-signal BJT model, where

VBE - 700 mV: v
BE
_ Vee — Ve
Iref — R
VCC — 700 mV
Iref — R

VsE is inversely proportional to temperature
O [er increases with increasing temperature
O A proportional-to-absolute-temperature (PTAT) current
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Current Mirror — Transconductance Stage

-
Voltage-to-current conversion

Transresistance device’s output voltage applied to the base
or gate of the transconductance device

Transistor must remain in the forward active (BJT) or
saturation region (MOS)

Output current proportional to the applied voltage
High output resistance

VBE

Vi 1, W )
Io - ISthh IO = Ekn (T) (VGS - Vt)
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Simple MOS Current Mirror

Gate-source voltages:

Ves =

Output current:

1

I, ==

: Q4 I I Q,
1

Io - E

I, = Iref

Output current scaled by the device aspect ratios
o The current transfer ratio or current gain of the mirror
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Simple BJT Current Mirror
-

First, assume f = oo

Base-emitter voltages: Vee

I |
Veg = Vi In ( ;ef ) | O\L
Sl ref <'>
Output current:
VBE ln(l"ef) - \l a

— V — I

2
152 AE2 %l

I, = Irefr = Irefg
1 1

Output current is the reference current scaled by
the emitter area ratios

o The current transfer ratio:

Iy Ag

2

= = m
Iref AEl

K. Webb ECE 322



Simple BJT Current Mirror
-

Now, accounting for finite 5

Collector currents still scale with emitter v

daread
IO =1C2 =IC1A_E1=m‘IC1
The current tranSfer ratio:

_ g pleiydo oy do Lo
Lep =Ic, + 2+ 5 =24 042

1 1 1
lep =Io | —+— +=

m mf f
f+1+m
Ireleo mp
Iy m
Lref 1_I_m;—l
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BJT Current Mirror With f Compensation

Addition of a transistor can reduce the effect of
base current on the current transfer ratio

KCL at the collector of Qy:

VCC
I, g3
Iref=161+183—a+? -
I Io IB IE3 Y
refl = m (,8+1),B &
where e, U

Iey ey I, I, Qi

Igz3=—+—=—+— \le —
BB "B mB B ﬁwﬁ us’\l

Substituting into the expression for L.,

P I I, 1 1
ref T m ﬁ(ﬁ+1)( +>
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BJT Current Mirror With f Compensation

I I I, 1 1
ref ﬁ(ﬂ+1)( +>
1 m+1

res = o | T mpGB+ 1 (D
The current tranSfer ratio: Qs o
I 1 I%\I v
fref %+mgzﬁ++1 1) : ﬁ @B 73 .
Iy m
B m+1
R

The error term has been improved by a factor of (£ + 1)
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BJT Current Scaling

For BJTs emitter area scaling is typically accomplished by
connecting multiple devices in parallel

O For example (f = oo):

VCC

100 pA 200 HA\L
n V
PA S
Vee V /|

150 uA\L 200 uAl

100 pA
Q
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Current Mirrors — Output Resistance

An important figure of merit for any current source is its
output resistance

O For anideal current source, R, =

For simple BJT and MOS current mirrors the output
resistance is 7, of the transconductance transistor

Vee Voo
RO |re RO
Iref V) | f CV) |
QIE % o ] | | =
v
VA 1 VA
R. = - R. = - =
o =To I o =To i, I
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Current Mirror — Example

-
Determine the output current, I,

Solve the quadratic for I,..¢: Vooz3:3V
R lo
Rz]zef B 2(VDD - Vt)R + W Iref + (VDD - Vt)z =0 Irefl% 47ka ‘I’
k., T
2712 2 2 Q | | Q
(47 kQ?Iop — [2Q2.6 VIAT kQ + ——— | Irep + (26 V)? =0 | |
197
A4
2.248€9 - If,r — 247,593 - Ler + 6.76 = 0 )
J7i
Lrer = 504 uA HnCox = 1903
Output current scales with transistor aspect ratio V,;; 700 my
(W) (T)1 =10
L/, 15 wy
Io = Iref(T) = 50.4 'uA . 1_0 <T)2 =15
L7y
I, =75.6 uA
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Current Steering — Example

Determine all collector currents and node voltages
o Assume f = oo and Vg = 700 mv

+10

Vv

Q10L‘

+5V

N

Jo

)
A e A N
% 10 kQ oy 2K %Rz
10k0% R1
2 kQ % Ra% 3.6 kQ
Qy
I
5Lv <
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Current Steering — Example

(45V —Vgg) —(=5V +Vzz) 86V
ler =lez = R, ~ 10 kQ

= 860 uA

I3 =1, =860 uA

Vez = Ic3R, =860 uA -2k =172V

Icg = Ic3 = 860 A = Ics = Ige

Vee = +5V —IcqR3 = +5V —860 uAd - 3.6 k(L = 1.904 V
Ic7 = Icg = Icg = Icp = 860 uA

Verg = =gy +1cg) - 2kQ=—-172mA -2 kQ = —-3.44V
Ic10 = Ic11 = Ico = 860 uA

Ver, = Ioq, - 10 kQ = 860 uA - 10 kQ = 8.6V
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H The Basic Gain Cell
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Basic Gain Cell

The basic gain cell used in integrated circuit (IC) amplifiers
o Common-emitter or common-source amplifier

O Load resistance replaced with a transistor current source —an
active load

_E | v.b_[v

Benefits of an active load

o Provides both a high-resistance load and bias current
o Consumes less chip area than a resistor

o Enables higher gain
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Amplifier gain
-

To understand why active loads can provide high gain,
consider a resistively-loaded CS amplifier:

Amplifier gain:
|Av| = ImRp Vip
where
/ w Ro %J/ID
Im = kn (T) Vov
And, since "
1 W v,
Ip =Ek7'1 (T) Vozv D_{E
We can express g,, as
Ip
Im = 1
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Amplifier gain
-

The amplifier gain becomes:

IpRp

|Av| — ngD = 1 \iD_D
> Vov
Ro %J,'D
The numerator represents the voltage drop
across Rp: Vs
Voo = Vos °
|AU| — 1 Vi c-—H_»
> Vov

For active region operation, Vps = Vyy, SO
the maximum gain is

Vop — Vov
|Av|max = 1

> Vov
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Amplifier gain
-

For an IC amplifier with Vpp = 3.3 V and Voo
Voy = 200 mV max gain is only l'
RD% D
p _ v
| vlmax — 100 mV — —

Note that at this bias point (i.e., the edge D_{[
of triode, Vps = Vyy ), the amplifier’s v
dynamic range is zero

o An absolute limit, not a usable gain

Active loads allow for higher gain, because:

o voltage drop across the load is decoupled from current and from
high small-signal resistance

o They are not resistors, so are not constrained by Ohm’s law
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Active Loads and Biasing

v v °_|

Note that, in order to remain in the active region, Ip or I
set by V¢ or /g must exactly match that of the current-

source load

You are only getting part of the story here

o In practice, additional circuitry, including negative feedback
stabilizes the bias point

For now, just assume that the DC component of the input is
such that its bias current matches the current source
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Basic Gain Cell - Gain

Small-signal models for the amplifiers:

oO——0

O— O
+ + + + + +
V| Vgs gm'Vgs 2 lo Vo V| I’;—; % Vbe gm'Vbe % o VO
5 - - -

= O o - O

Treat the current sources as ideal

o Infinite resistance — open circuit

o In practice it would be a transistor output resistance
Transistor 1, is the only load

For both amplifiers, the gain is

Ay, = —gm

This is the maximum possible CS or CE gain
o The intrinsic gain, A
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Intrinsic Gain — MOSFET
e

Ay = —GmT
For the MOSFET,
Ip
I Vor /2
Va
T, = E
So, the intrinsic gain is
Va
A= T2

Proportional to the Early voltage

Inversely proportional to channel length, L
Inversely proportional to the overdrive voltage, Vi
Inversely proportional to drain current, I
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Intrinsic Gain — BJT

Ay = —GmTo
For the BJT,
Ic
Im = Vt
Va
Y, = —
(0] IC
So, the intrinsic gain is
Va
AO - _Vt

o Proportional to the Early voltage
o Inversely proportional to collector current, I

BJTs vs. MOSFETs
o V; is much smaller than typical overdrive voltages (e.g. 150 — 300 mV)
o Vy is typically larger for BJTs

o In comparable modern processes, BJT intrinsic gain is an order of magnitude
higher than that of MOSFETs
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Finite Current-Source Resistance

In practice, active loads are not ideal current sources
o Transistor current sources

O Resistance is the 7, of that transistor

o Appears in parallel with the amplifier transistor’s 7,

o Gain will be significantly lower than the intrinsic gain

Ay, = —gmTo1 | |T‘02

VDD VCC

— S

| | A
—oVo j—vo
Vi [ Vi

GD e —| GD et — Q

Next, we’ll see how we can increase gain by increasing the output
resistance, 7,1 |72
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- CG/CB Amplifiers as Current Buffers




Increasing the Gain

If we can increase 7,1||7,2, we can increase gain

For now, we’ll focus on increasing 7,4

o l.e., the resistance seen looking back toward the
amplifier transistor

Ve Voo
Vg Vg Hi
/L o2 L o2
V, —oV,
h lo1 | Fo1
Vi Vi \ |:
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Current Buffers

The amplifier transistor’s output current
is applied to the active load transistor,

where it is converted to a voltage Voo

Want a device that will: - .

o Replicate that current \ ’

o Apply it to the active load \L—V R, = K-Fos
o Do so with a higher 7,

A current buffer T ©

O Low input resistance N

Input current unaffected

Vi
o High output resistance \[Ql

Approximating an ideal current source
Gain will be increased
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Current Buffers
-

We have already seen transistor circuits that fit this
description of a current buffer

o Common-base amplifier
o Common-gate amplifier

We now revisit these circuits, looking more closely
at the characteristics that make them suitable
current buffers:

o Current gain
o Input resistance
o Output resistance
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Common-Base — Small-Signal Circuit
-

Consider the following CB amplifier R%l
o Current source input with finite source "
resistance, R v}
O Load resistance, R, M
. . . JONES
The small-signal equivalent circuit:
v
- ]
L, —
" %jbe e % . & <l> BmVbe 2 fo %RL
—>
JONS TOR
6 +
v

K. Webb ECE 322



Common-Base — Current Gain

First, we will determine the short-circuit current gain
for the CB amplifier

i

A = i
For the short circuit-current gain, the output is shorted
to ground

The small-signal circuit simplifies to

H"

s CD Vbe % Rl [ Tn <‘> 8mVbe % fo

+

A4
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Common-Base — Current Gain

Note that the voltage across the VCCS is the source’s
controlling voltage, v,

o The VCCS, therefore, can be replaced by a resistance:

% 2

is GD Vbe % Rsl I1n <T> gmVbe % Fo ‘ s GD Vbe % Rl |1 % 1/gm % fo

+ +

A vd A4

Output current is given by current division:
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Common-Base — Current Gain
X

The short-circuit current gain is

If r, > 1/9,,, and R¢||r;; > 1/g,,,, then the current
gain is approximately unity

Aiszl

o As would be desired for a current buffer
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Common-Base — Input Resistance

To determine the input resistance, apply a test voltage source, v,
and determine the resulting current, i;

KVL around the loop:

Ve — Ity — iR, =0 (1) i

KCL at the input node:

lt"'gmvbe_ll_lzzo

1%, It _
- - " — H .
Lt + ImVUpe lp = 0

Ty T lil

Note that vy, = —v¢, so « @ w2,

. Ve Z
it = GmVe ————12=0
7ATL'
. Ut
2 =l = GmVe — (2)
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Common-Base — Input Resistance

KCL at the collector gives the collector current

le =l — GmVUpe = lo T GmV¢

. . Ut
le =1t —gmVt — T ImVt Pt e e
T |
o=l 3) % R
Substituting (2) and (3) into (1):
. Ut . (4919}
Ve — U1y + gmToVe + — 1, — 1R, + =0
TTL' TTL'

> R .
Vs (1 + g1, + :—n + r—;) =i.(r, + R;) (4)
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Common-Base — Input Resistance

-
The input resistance is

ro+RL

Ut
Rl - L To
T

= (5)

T

We can simplify (5) by noting the following |

SN

ImTo > 1 l>g $
mVbe lo R.

7ﬂO ger
— = KL ImTo
R,  gmR, - lil

= K T ve (T Vbe
rn ﬁ gm o C-) . % In

The input resistance simplifies to v
Ri ~ To+R], _ 1 4 Rj, _ T'e 4 Rj, (6)
ImTo Im ImTo ImTo
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Common-Base — Input Resistance

Common-base input resistance:

1 R R
Ri~—+—"—=1,+— (6) Yee
dm  9mTo ImTo _
R, %J/'O
Two components to R;: R
o Emitter resistance, 7, " “—t
Typically small T =&
O Load resistance,R;, reduced by the . () ERS
transistor’s intrinsic gain 1
Effect of R; reduced ==

R; is typically small, as desired from a
current buffer
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Common-Base — Output Resistance
-

To determine output resistance, R,, apply a test voltage to the
output

Applying KVL —

Ve — i17"o - iz (RE”rn) =0 (7) <¢> e % § <+>
Applying KCL gives |

— <
4 = It — GmVbe (8) ] liz "
iz =iy + GmVpe = it (9) ¥ S Felln
The base-emitter voltage is + <
Vpe = —l2(Rg||1) = =it (Rg||73) (10)
Substituting (8), (9), and (10) into (7) gives
Ve — itTy — Gmlc(Re |17 — it (Rg||r) = 0 (11)
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Common-Base — Output Resistance

Rearranging (11) gives the output resistance i

U N
R, = Z =T, T (REHTn) + gmro(RE”rn)
o 2 B
Ro=1,+(1+ gmro)(REHrn) (12)
— Y

. I1
K
Ve % Re| |1

+

We can simplify, assuming g,,7, > 1

R, = 1, + gmro(REHrn) (13)

v

And, if g, (Rg||7;) > 1, then

Ro = gmTo(Rg||7)

Here, the resistance at the input is increased by the
transistor’s intrinsic gain
R, will typically be a large resistance, as would be

desired
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Common-Gate — Small-Signal Circuit
-

Voo

Consider the following CG amplifier e
o Current source input with finite source —F
resistance, R ve
O Load resistance, R, b_[ (I
. . o JONES
The small-signal equivalent circuit:
v
— o
<. —
V—gs <¢> 2 f %R <l> BmVes 2 r %R
—>
W 3 SORTEL
6 +
v
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Common-Gate — Current Gain

To determine short-circuit current gain, A;¢, we can simplify
the small-signal circuit just as we did for the CB circuit:

Io i
—— «—

@ w3n Do 2o == D wzn w3

< ' <~
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Common-Gate — Current Gain
I

The short-circuit current gain is

1

L gm‘l'r_

_ 0 __ 0
Ais === 1 1

ls _
Ym T 0+RS

If r, > 1/g,,, and R¢ > 1/g,,,, then the current gain
is approximately unity

Aiszl

o As desired, and similar to the CB amplifier
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Common-Gate — Input Resistance
-

To determine the input resistance, apply a test voltage source, vy,
and determine the resulting current, i;

KVL around the loop:

Ve — ilT'O — idRL =0 (14) <l> EmVegs % ro 2 R,

KCL at the input node:

s A4
il — it + gmvgs — 0 it T g
Note that v, = —v,q, SO .
gs? Vi (t) Ves
l1 = It — ImVt (15) 4

Substituting (15) into (14) and noting that drain and source
currents are equal

Ve — ity + GtV — iR = 0
vt(l + gmro) — it(ro + RL) (16)
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Common-Gate — Input Resistance

e
Solving (16) gives the input resistance:

c%
R; = ? - 1?;R1L~ (17) 0
t mTo l 8mVegs % o % R.
For gm7, > 1, R; simplifies to | g— v
RPN S Y
Ry~ —+—- (18) « (®) v

Two components to R;

o The input resistance when neglecting 7,

o The load resistance reduced by the
intrinsic gain
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Common-Gate — Output Resistance
-

To determine output resistance, R,, apply a test voltage to
the output

I

Applying KVL —
Ve — 47, —igRs = 0 (19) <¢> B >, e

Applying KCL gives — -
iy = It — GmVygs (20) . iisR

The gate-source voltage is 7
Dys = —isRg = —i¢Rg N (21)

Substituting (20) and (21) into (19) gives

Ve — ItTo — GmlitRsTo — iiRs = 0 (22)
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Common-Gate — Output Resistance
-

Rearranging (22) gives the output resistance

Ut

Ry =—=17,+ Rs+ gmroRs i
lt «—
R, =1, + (1+ gmro)RS (23) <l>
8mVes % ro <+> v,
We can simplify, assuming g,,7, > 1 4
—
Ro ~ To + gmroRS (24) - lis
Vg Rs

If we assume g,,1, > 1, we can simplify further s <

Ry, = gmToRs

Here, the resistance at the input is increased by the
transistor’s intrinsic gain

R, will typically be a relatively large resistance
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Common-Base/Common-Gate - Summary
s

1
gm + T'l Im t+ T
A:.. = 0 ~1 Vee AiS = 9 ~1 Vop
° i1 1 e 1 s o1 1 S 1 Vo
Gm Rs ||y i m Rs i
WL AL
Ro Ro
7, + R, { T, + R
Ri = R Vg Rl = 1 Ve |:
1+ng0+r—0+—L t, + GmTo
m o : R, 1 R L R
R~ — 4 L Rizg_JrgL?‘
L — =r - m m'o i
e AR O NP JORPS

R, =7, + (1 + gmro)Rs <
R, =1, + 1+ gmro)(RE”rn')
Ro =T + gmroRS
Ro =T + gmro(RE”Tn:)
Ro ~ gmroRS
R, = gmro(RE”Tn)
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- Cascode Amplifiers
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Cascode Amplifier = MOSFET
-

Recall the gain of a basic gain cell with an active load Voo

Ay = —gmiRo = —Gm1(o1ll702) VGZo—Hil(;Z

We can increase this gain by increasing 7,1 or 7,
First, we'll focus on 1,1 by adding a cascode device

Now, R, becomes v °—H: )

R, = Ron”Rop = Ronll|703 v
where
Ron = GmaT02(To1) Voo
The gain is then ves o—‘[os
T Rep
Ay = —gm1(Ronl|753) —Vo
RV
Ay = —gm1l(Gm2702701) |703] Ve, Il q
7,1 has been increased by a factor of g,;,27,> y |
o Gain is increased significantly Bamn _>Q1
A4
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Cascode Amplifier — BJT

For the BJT cascode, R, is
Ron = gmaTo2 o1!|7m2)
And the gain is
Ay = —gm1(Ronll703)
Ay = —gm1[(gm27"oz(7”o1||7”n2))||7”03]

A bit more complicated result than for the
MOQOS circuit

O Gain still significantly increased

Note that in both cases, we have only
improved one component of R,

o We can further increase gain by increasing
7,3 as well

K. Webb

VB2 Qs
Vo
V.
! Q1
VCC

Ves Q3

T Re
v

\ﬁo Ron

VB2

-

|
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Cascode Current Source — MOSFET
e

We can further increase R, and gain by
adding a cascode device to the active load

transistor T
g
O Increases 1,3 and Ry, Ves Q4
Now, R, is
Va3 +Qg
Rop = Im3703(1o4) |
H T Re
The gain is °Vo
g R
Va2
= — ] Q,
Av gml(Ron”Rop)
A, = _gml[(gmzrozrol)l|(gm3T03To4)] Vi _Q
° 1
. —
Now 1,4 has been increased by a factor of il

Im37o3
o Another significant gain increase
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Cascode Current Source — BJT
-

For the BJT cascode amplifier, the
cascode device on the active load

/\—|g<

increases R, similarly o q,
Rop = Im3To3(Toa!|Tr3) Vs /Q
. . \ :
The gain is T Fa
\]/—Ron
A, = _gml(Ron”Rop) Ve, I" q,

Ay = —gmillgmaro2 o112 N1 [Gm3sTo3 (Toall13) 1}

Again, the result is a bit more
complicated than for the MOS circuit

7 NI\

O Resulting increase of gain is similar
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Cascode Amplifier — Example 1

Find the gain of the basic gain cell ina 0.18 um
CMOS process with the given parameters

Gain is given by

Voo I, = 100 uA
Ay = —gmiRo = —GmiTo1ll702 Ve, ||iQQ anox=387;;_/21
The transistor transconductances: _ o kA
oV, UpCox = 86 V2
w 10 um
W Vi |: . —) =
Im1 = |2ky (_> Ip | <L)n Lam
L n Wy 50um
v <T)p_ 1um
MA VAn=5V
gm1 = |2-38777 10100 uA Vay = 6V

gm1 = 880 uS

K. Webb ECE 322



Cascode Amplifier — Example 1

-
The transistor output resistances:

T1=VATl= — 50 kQ Ve, o
? ID 100 l,lA T D u )
u
V Ve Q, HnCox = 387777
rOZ = Ap — — 60 kQ O_Hi y
ID 100 ‘U'A ————oV ”pcox=86ﬁ
i w 10 um
The gain: v, ,,_|[ 1 <T)n= 0
Ay = —gmi1To1l7o2 <~ <¥)p=510$
A, = —880 uS - 50 kQ||60 kQ Vin =5V
Vap =6V

A, =—880uS -27.3 kQ

A, = —24

K. Webb
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Cascode Amplifier — Example 2
-

Next, add a cascode device and

determine the resulting gain Voo Iy = 100 ud
Now, the gain is given by Ves D_[os fnCox = 387 g
Ay = =gm1Ro = —9miRonlI703 —\LiRon upCox=86!;—1;1
Ve2 | _Qz W 10 um
Transconductance of the NMOS , (T). =T
devices is unchanged: | Wy 50um
(), -0
— Q L/, 1pm

Im1 = Gmz = 880 uS 7 Vin =5V
AV

Vip =6V

As are all output resistances
Ty1 = Ty = 50 k()
12 = 60 kQ

K. Webb ECE 322



Cascode Amplifier — Example 2
-

The resistance looking into the drain of Q, is

Ron = GmaTo2 * To1 Voo Ip =100 uA
Ron = 880 uS - 50 kQ - 50 kQ v, [03 o 38724
R,, = 44 -50 kQ = 2.2 MQ y
EE— R ﬂpCox = 86W
The gain: I -
Ve2 | Qs (E) _ 10 um
Ay, = _gmlRon”roB Ly L), 1um
A, = —880 uS - 2.2 MQ||60 kQ v Mg (1) :i‘%
1 P m
A, = —880 uS - 58.4 kQ) 7] Ven =5V
~
Vip =6V
A, =—51.4

The cascode transistor increased the gain from 24 to 51.4
o A relatively small increase compared to the 44x increase in R,
o R, dominated by 7,3
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Cascode Amplifier — Example 3
-

Finally, add a cascode device to the

current-source load and determine the Vo
gain T Ip =100 pA
Now, the gain is given by ver [T g, o = 387;;_21
Ay = —gmiRo = _gmlRon”Rop o +O_3 iy Cox = 86/;_1421
Transconductance of the PMOS devices: mE R, (% _ 110ﬂm
—oV, n um
| Ron
P w Voo — Wy 50 um
Im3 = Gma = |2kp (T>p Ip % (f)p = Tum
— VATL =5V
Vi o—— +Q1 VAp — 6V
UA
gm3=\/2-86ﬁ-50-100uA il
9ms = 927 uS

All other quantities are the same
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Cascode Amplifier — Example 3
-

The resistance looking into the drain of Q5 is

Rop = Im3703 " To4 Voo I, = 100 pA
Rop = 927 uS - 60 kQ - 60 kQ ver [T g, pc,. = 3a7M4
| nbox — V2
R,, = 55.6 - 60 k) = 3.34 MQ) < uA
The gain: LG G
y O 0 w 10 um
Ay = _gmlRon”Rop Vo E:: (T)” ~ Lum
v .y w 50 um
A, = —880uS -2.2 MQ||3.34 MQ ol Q (I)p = Tum
A, = —880 uS - 1.33 MQ BT Van =5V
L% Vap = 6V
A, =—1167 <

Cascode current-source load results in a significant gain increase
o Both components of R, were increased by a factor of g,,,7,
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- Improved Current Mirrors
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Current Mirror Performance
I

There are three main current-mirror figures of merit:

Current transfer ratio

o How closely does the output current match the input/reference
current?

o A function of the Early effect and of § (BJTs)

Output resistance
o Enables higher amplifier gain if used as an active load

o Also affects current transfer ratio
How much is output current affected by output voltage?

Overhead voltage

o What is the minimum voltage required at the output such that the
transistors remain in the active region?

We will now look at a few circuits that aim to improve on one or
more of these characteristics
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Cascode Current Mirror — MOSFET

As we have seen, a cascode device can improve output resistance

A MOSFET cascode current mirror:
o Assume matched devices (i.e., m = 1)

Output resistance: ok

Ry = gmato3 * To2 et C\y) IO\L

Voltage at the gate of Q3/Q,:
| I[
Vos = 2(Ve + Voy) Q4]| | s

To remain in the active region:

VD3 > Vt + ZVOV Qu i “%70\2

o If, for example, V; = 500 mV and Vy, = 200 mV <
VD3 > 900 mV

o Asignificant portion of the total supply voltage
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Cascode Current Mirror — BJT

The BJT cascode current mirror:
Output resistance:

Ry = Gm3To3 (7'02 | |r7r3)

Voltage at the base of Q3/Q,:

Vs = 2Vpg &
To remain in the active region:
Vc3 > VBB — ZVBE Qlﬁ

Veg > ~1.4V

-
N

/

TN TN

o Again, a significant portion of the total supply voltage

Cascode does not affect the current transfer ratio:
I, 1

rey 1+%
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Wilson Current Mirror — MOSFET

The Wilson current mirror uses negative
feedback to increase R,

o Output current, [, is applied to the current Voo
mirror formed by Q, and Q4

lo
o Mirrored [, is fed back to the gate of Q3 lre C) \L
O Igz = 0, so [, must be equal to I,..¢ Y

o If I, > l.ef, Vg3 will drop, decreasing I,
o If I, < lef Vgz will rise, increasing [,

Output resistance:

1 Q I I Q,
Ry = gm3To3 " To1 T o3 + —

m2

Ro ~ 9m3To3 " To1

Same R, as for the cascode current mirror
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Improved Wilson Mirror — MOSFET
-

Wilson mirror can be improved by adding a fourth transistor

o (@, helps to balance the drain-source voltages for Q; and Q,
o Reduces current-transfer-ratio errors

et \D |0l
le |[a

Q

o

<
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Wilson Current Mirror — BJT

Benefits of the Wilson mirror are greater for BJTs
than for MOSFETs

o [-related current error reduced

Current transfer ratio:

I 1
AR
I 1
Iref~1_|_£

[?2

o Error significantly reduced compared to the simple
mirror and cascode mirror

Output resistance:

B3 1
R =(224+1 -
B3
R, = 77'03

K. Webb

Qs
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Improved Wilson Mirror — BJT

Similar to the MOSFET circuit, current-transfer-ratio error can

be reduced by adding a fourth transistor to balance the Q4 and
(), collector voltages

lref ) |
Y

K. Webb ECE 322



Widlar Current Source — BJT

Widlar current source adds an
emitter resistor on the output

transistor L
. lo
More of a source than a mirror (1) i
o Current not replicated from one
branch to the other N

Q ‘/i |\‘Q2
Can generate small currents
without the need for very large >
resistors

\v4 AV

Output resistance:

Ry = [1+ gma(Re2||72) 1702

K. Webb ECE 322



Widlar Current Source — Example
-

We can illustrate the function and benefit of a Widlar current source
through an example

o Compare the Widlar current source to a basic current mirror

Design each source below for I, = 10 uA
o Emitter areas are equal

ol,=2x10%A4=2fA

33V

3.3V | lo2
refz\ll 2 R2 \L

NEA
N ) @) »Qz

Qi Q.
dooNn R3
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Widlar Current Source — Example
-

First, design the basic current mirror

The reference and output currents are equal 33V
I01
Lepr = I, = 10 uA | S |
Use I,¢f1 to determine Vg }J
Qy \| Q
Vor = Vo In fref1 =26 mV In 10 uA ﬁ ’\l
sE T I 2 fA

Determine the value of R4

VCC — VBEl _ 3.3V —581mV
Irers 10 uA

R1:

R, = 272 kQ

K. Webb ECE 322



Widlar Current Source — Example
-

Next, design the Widlar source
Here, we can choose the reference current

o2
Iref2
Lrerr = 1mA J’%RZ l
Use [;.r, to determine Vg4 o Y o

| s N

ref2 1mA
VBE1=VT1n( I >=Z6mV1n(2fA> ERB
VBEl — 700 mV Y

Determine the value of R,

VCC — VBEl _ 3.3V —=700mV
Lrert 1mA

Rzz
R, = 2.6 kQ

K. Webb ECE 322



Widlar Current Source — Example
-

Next, determine R;

o KVL around the B-E loop gives 3.3V
|02
Vee1 — Vg2 — lp2R3 = 0 'refZl%Rz l
_ VBe1 — Ve
P I
a ) a,
We already determined Vg, 1 N
Vg, =26 mV'1 10 A =581 mV
BE2 = my in 2 fA = m iRg
A4
SO, R3 is
R — 700mV—581mV_ 11.9 k0O
5 10 pA T

R, =2.6kQ and R;=11.9kQ

Both much smaller than required for the basic mirror (272 k())
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