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1 Introduction

This exercise deals with current mirrors and current/gataeferences, thereby giving you hands-on
experience in analyzing, designing and simulating thebeigwits. During the first part of this exercise
we will study, with paper and pencil, the simplest currentroristructure and we will calculate its main
parameters. The second half of the exercise will be dedidatéhe simulation of the basic as well as
more complex mirror structures. The current mirrors andenifvoltage references presented in this
exercise are widely used in practical circuits for varioigstpurposes.

1.1 TheDesign of Analog Circuits

The circuit simulator is necessary for the optimizationmdilag integrated circuits but will never replace
initial hand calculations and circuit development with @apnd pencil. Before we simulate a circuit
we must have an idea of its functionality and — very importantly — wesnknow the rough size of
its design parameters. A very simple circuit with just two BIEETs already has six design parameters:
the channel width and length, and the drain current of eaclSMEX. If you have no idea of these
numbers, then "optimizing” the circuit with a simulator isigg to be very tedious and in any case bad
engineering practice. A trial and error procedure like ttogs not allow you to gain any insight in the
circuit and is likely to end in a design that is not very creatand thus probably not very competitive.
Therefore, a design should be started on paper using fainlyis device models. Of course, these hand
calculations are not very accurate in the end but they allowtp understand the basic relationships
between the design parameters and are a good starting pothefsuccessive circuit optimization with
a simulator.

For your hand calculations, use the long-channel equatimdsscribe the MOSFET transistor and refer
to the technological parameters given in the Appendix.



2 Current Mirrors

Current sources are widely used in analog circuits for biapgses. Figure 1 shows a first attempt
of a current source using a MOSFET. However, such a curramteds never going to be used in a
practical circuit as the current delivered heavily depemiprocess and temperature variations as well
as on the the supply voltage. The threshold voltigg of the MOSFET may vary up to 100 mV from
wafer to wafer and both the mobilify, and the threshold voltagéry; exhibit temperature dependence.
Therefore, Irgr is poorly defined, and a different approach for generatingeass in analog circuits is
needed. The idea is to “copy” currents from a current refegemith the assumption that one precisely
defined current reference is available. We defer the problgmoviding a current reference to section 3
of this exercise and are going to assume that such a curfentmee is already available.

VDD

REF

Figure 1: Bad current source - never use this!

2.1 Numerical Exercise

Consider the diode-connected transistor shown in Figured2aswer the following questions:

1. Regions of operation

(a) List all the possible operating regions of an n-chann&3Svtransistor. How is the drain-
source currenipg defined in these regions of operation? Add the conditionedah region
in terms ofVzg, Vbs, andVirgy,.

(b) Is the transistoM; in Figure 2 in saturation assumirdg = 0.5 mA?
(c) Is the transistoM; still in saturation forlg = 07?

2. Operating point

(a) Determine the large-signal node voltdgefor Iz = 0.5 mA.

(b) The width ofM; is doubled and the length quadruplddy( = 10 pum, L; = 4 pum). Deter-
mine the large-signal node volta@e for Iz = 0.7 mA.

(c) By which factora should the width ofM; be increased to halve the DC operating point
voltageV; with respect to the circuit specifications given in the poegi problem?
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Figure 2: Simple diode-connected NMOS transistor.

3. Small-signal parameters

The transistoM; has the dimensiong/; = 5.8 um and L; = 1um and the bias current is
specified adg = 0.5 mA.

(a) Compute the transconductangg of M.
(b) Determine the gate-source capacitafig of M;.
(c) Determine the output resistancg, of M;.

An additional transistoMs and a resistoRy, are added to the circuit in Figure 2 resulting in the circuit
in Figure 3. Answer the following questions:

Iy = 0.5mA CD
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Wi =5pm I I Wy =20 pm

Li=1pm M, ‘M, Ly =1pum
N

Figure 3: Simple MOSFET current mirror.



4. Current mirror

(a) Determine the large-signal node voltaggsandV, assuming both transistors are in satura-
tion.

(b) Verify that both transistors are in saturation.

(c) How can the width of transistdvl; be set for the transistor to operate at the transition point
from triode to saturation region (pinch-off)?

(d) Determine the large-signal node voltagefor the widthsiWsy = {5, 15,25} pm.

2.2 Cadence Exercise

Two main characteristic parameters of a current mirror greninimum output voltagé/ouT min =
Vasat2 @and its output resistande,,,;. Determine these two values for the basic current mirrowshio
Figure 4.

1. Create a directoryebung3. Change into that directory and start Cadence with the camdma
i cdesi gn ans-hk4. 10 &

2. Create anew library (e.dWLi br ar y)inthe Library Manager and anew c€lirrent M rr or
with the viewschenmat i c. Refer to exercise 2 on how to do that if you do not remember any
more.

3. Draw a schematic according to Figure 4. For the transistee the celhnos4 from the library
PRI M_I B and for the current source use the dallc from the libraryanal ogLi b. Do not
forget to place ggnd component! Make both transistors 1.xB wide (the values in the fields
W dt h andW dt h St ri pe should match) and 0.36m long (V/L = 5). Hint: to mirror the
transistor on the vertical axis press the butBirdeways in the Add. | nst ance dialog.

4. Perform a DC sweep to plot the output characteristic o€threent mirror. Sweepoyr from 0V
to 3.3 V. Now plot the drain current of M2 as a functionlgfy and determine the output resis-
tance of the current mirror in the region between 1V and 2fydir plot is empty, make sure you
ticked the optionSel ect devi ce currents: all inthe dialogQut puts. Save Al |
of Analog Environment.) Also determine the rough valué/gf,;» from your plot.

5. DetermineR,,; andVig.t2 from a DC analysis! For the DC analysis $&tytr = 1.5 V. Tick the
option Save DC Operati ng Poi nt in the Anal yses. Choose dialog and run the sim-
ulation. Afterwards choos®esul ts. Print. DC Operating Poi nts and click on the
transistor M2 in the schematic to print the DC operating irYou may now determin&,;
from gds and directly read ouys.:o. How well do these values match the ones determined from
the plot?

2.3 Reducing the Saturation Voltage

The previously made simulations have shown that the VOR&QEr min = Vasat IS fairly high com-
pared to the supply voltage of just 3.3 V. Most of the timessaMransistors must be stacked upon each
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Figure 4: Simulation circuit for the current mirror.

other in the output branch to achieve a good current mirr@m({d be shown later on in the exercise),
which leads to a further reduction of the allowable voltaggng of the driven circuit. The problem of
available voltage headroom for the driven circuit aggravavhen the supply voltage shrinks to 2.5 V
(0.25um processes), 1.8 V (0.18n processes), or even to 1.2 V (0.A8 and 90 nm processes) as the
saturation voltage does not scale down proportionally écstipply voltage.

In the following we want to reduce the saturation voltageltowt 200 mV.

1. The saturation voltage of a MOSFET depends, among othamgders, on the W/L ratio. There-
fore, we are going to change the W/L ratio in order to lowergatiration voltage. With help of
the formulas given in the appendix determine an expressiolif.; and solve it for W/L.

2. Determine the W/L ratio foVy.,; = 200mV. Keep L at 0.35:m and calculate the needed W.

3. Simulate the current mirror of the last subsection with lew dimensions. Does the simulated
Visat Match the calculated one? Why? What happened to the ougistamece?

2.4 Increasing the Output Resistance

Recall that the output resistance of a current source datesrhow well its current is defined. Therefore,
we are interested in a high output resistance. The outpistaese of a MOSFET may be modeled as

L
N

To

for crude calculations wher¥ is a proportionality constant. However, modeling the otitesistance
r, of a MOSFET is actually very tricky. The output resistancaffected by many more parameters and
effects than the simple formula suggests. Even elaborateimsuch as the BSIM3V3 model used in
our simulations have difficulties in accurately modeling tutput resistance.

1. From the simple formula above and the output resistantardimed in point 3 of the previous
subsection, calculate the channel length L that results iougput resistance of 2 (Nl



2. Adjust W so that W/L remains constant and simulate theectirmirror with the new dimensions.
What is the simulated value of the output resistance? Whaidraed to the saturation voltage?

The price we pay for a larger output resistance by increasiaghannel length L is fairly high in terms
of chip area. Moreover, increasing the channel width (retreamwe want to maintain the W/L ratio to
keepVgisat More or less constant) also increases the current mirrpubaapacitance. Therefore, other
means for increasin@,,; are desirable. The cascode current mirror presented inetktesnbsection is
a much better solution to the problem and has further ddsifabperties.

2.5 High Swing Cascode Current Mirror (Optional)

So far the effect of channel length modulation has been otgle However, when also taking into
account channel length modulation, the simple currentanegquation eq. (1)

Wa/Lo
Iout = I 1
ouT Wl /Ll REF ( )

becomes

W2/L2 1+ )\Vdsg
Wl/Ll 1+ )‘Vdsl RE

IOUT = F- (2)

Eqg. (2) shows that the drain-source voltages of M1 and M2 Ishbe made equal fofoyr to be a
precise copy offrgr. However, Ve in Figure 4 is defined by the driven circuit. The idea is now to
use a cascode in the output branch, i.e. to stack anotheidtanon top of M2 in order to shield the
drain of M2 from variations of the output voltage. The resgjtstructure is known as a cascode current
mirror. However, it can be shown that this cascode currentomioses one threshold voltage in voltage
headroom foll,,; (see P. Gray et al., 5th Ed., Ch.4, Par.4.2.5, pp.261, fodd¢hgation). Therefore, in
practical circuits the high swing cascode current mirroFigiure 5 is used, since this structure does not
exhibit the mentioned disadvantage of the normal cascodergumirror.

1. The cascode current mirror was suggested because otliased output resistance. Draw the
small signal equivalent circuit of the output branch of Feyb and derive the formula for the
output resistance. Do you expect a significant increasedrothput resistance based on your
formula?

2. What conditions must be satisfied ds; andVzs so thatR,,; becomes large?

3. Eq. (2) shows thaltys; andVy3 should be equal when channel length modulation is congidere
Why does it make sense to 988, = Vpy? SetVy1 = Vys3 and derive the relationship between
%ﬁ; and waiﬁi for Vg1 = Vg2 and a general ratio o% Use the MOSFET formulas given

in the appendix (i.e., do not include the facftar+ A\Vys) for the drain currenty).

4. Dimension the high swing cascode current mirror so¥at1 = Visaro = 200mV for Iggr =
Iour = 100 A. Assume an imposed output voltage of 1.5 V andiget= Vg1 = Vio. For
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Figure 5: High swing cascode current mirror. (The bulk teras of all NFETs are connected to the
ground potential.)

the derivations use the MOSFET formulas given in the appe(igi., do not include the factor

(1 + A\Vgs) for I3). Use minimum channel length transistors to minimize theresu mirror
output capacitance and save chip area. At some point youhailé to select an appropriate
value forVpgi. On the one hand, we would like to makgg; small to leave as much voltage
headroom as possible for the driven circuit. On the othedhawever, we want to avoid that
M1 operates in triode region, thereby degrading the ougmsistance of the current mirror. From
these consideration¥pg; = 1.5 x Ve probably is an adequate choice. This now enables you
to determine the value dfg.

5. The only quantity still missing to compute the outputsteice of the current mirror with the for-
mula of point 1 is the channel length modulation coefficisnHowever,\ strongly depends on
the drain-source voltage and may vary as much as from 0.05010\5 1/V (or more). Therefore,
relying on an accurate value faris problematic in hand calculations. Generally, it is a ldehi
to solvely = 2 W (Vs — Vi) 2(1 + AVys) for Vys; the variations in\ causeVy to deviate sig-
nificantly from the calculated value! Nevertheless, estintd the output resistance by assuming
An=0.11/V.

6. You are now in a position to plug your design of the cascadeeat mirror into the simulator. Cre-
ate a new cell in the Schematic Composer and draw the circléitnsatic of Figure 5. After you
have specified all transistor dimensions and voltage sewoeording to your design, start Analog
Environment and perform a DC analysis. When the simulatasfimished, annotate the DC node
voltages and the DC operating points in the schematic bkinlicResul t s. Annot at e. DC
Node Vol t ages andResul t s. Annot at e. DC Oper ati ng Poi nt s in the Analog En-
vironment window. The subset of parameters displayed foctmponents may be changed. Let
us addgds for the transistors: Choodedi t . Conponent Di spl ay in the schematic win-
dow, tick the optiorSel ect Label : par anmet er and make sure the following options are
active below:l i brary, operati ng poi nt, andDC. Afterwards click on ennos4 in the



schematic window which allows you to specify the subset oapeeters displayed for that com-
ponent. E.g.i d, gds, vds, andvdsat is a convenient subset for our purposes. Now compare
the node voltages and operating points from the simulatitm your designed values.

7. To determine the output resistance of the current migohG nmagni t ude of the output voltage
source to 1 and perform an AC analysis from 1 kHz to 1 GHz. Yoy n@v plot the expression
real (-VF("/VOUT") /I F("/VOUTsrc/ PLUS") ) (adjust to the names in your schematic)
to determine the output resistance as a function of the émcyu Compare the low-frequency
output resistance to the calculated one. How good was oumagst of \,? How would you
proceed if you had to further increase the output resistanCempare the chip area occupied
by our cascode current mirror to the chip area of the simptesati mirror from the previous
subsection.

3 Current and Voltage References

In the last section we have always assumed that a precishedeurrent referencégr is available.
This section now treats the design of current and voltagereates. Generally, a voltage reference
may be obtained by loading a current reference with a prgctafined load. The design of current
references and voltage references is thus closely relatedah other. The last two subsections will
treat the design of voltage references in particular.

3.1 Simple Current Reference

The circuit of Fig. 1 was introduced as a bad example of a ntgeurce. A better version of a current
source is depicted in Figure 6. The left circuit (a) shows a®8/and the right circuit (b) a PMOS

implementation of a current source. However, note that thieeat sources of Figure 6 still depend on
the supply voltagé/pp and are, of course, sensitive to process and temperatlatioas.

1. Have alook at the PMOS configuration of Fig. 6b and asslgne = 100 pA andVpp = 3.3 V.
How large should the output resistancg of M2 be so thatlpyr remains within 1% of its
nominal value regardless of the drain voltage of M2?

2. Do you think the required output resistance is attainahie reasonably sized transistors? You
may assume that, = 0.21/V for a minimum channel length transistor.

3.2 Simple Voltage Reference

To construct a simple voltage reference, the circuit of Fégeb can be loaded with a diode connected
NFET. Such a voltage reference is shown in Figure 7.

The goal is to dimension the simple voltage reference swtiifprr = 1V.

1. Dimension the transistor M1 and calculd®ggr if we require Irgr = 10 pA and Vggarr =
—200mV. Use a minimum length transistor for M1. Dimension the tisios M2 such that
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Figure 6: Current source in NMOS (a) and PMOS (b) configuratio

IouTr = 100 A (N = 10). UseL, = 3.5 um to increase the output resistance by a factor of 10
compared to a minimum length transistor. Calculate thewidtransistor M3: assume a case A,

whereLs = 0.35 um, and a case B, whetk; = 3.5 um.

2. Create a new celol t ageRef and perform a DC simulation of the designed voltage referenc
(only for case B). Annotate the DC operating points in theesthtic. Adjust the dimensions of

M2 such thaf/zgr falls into the range of-1% of its target value (only for case B).

3. For your adjusted dimensions vaRgrr by 20 %. How does the output voltage change for
case A and B? Which one is preferable?

4. Now varyVpp by +10%. How does the output voltage change for case A and B? Whielison

preferable here?

4  Appendix

Transistor equations (valid in saturation region only)

/

I =
DS 2

k[n,p} W

(VGS - VTH[n,p] ) ?
for NFET

negative for PFET

. { positive

kfn,p] = :u'eff[n,p] Cox

VIt = VIHom,p) + Yin,p) (\/ 12654001 — Vos| — /12050 \)
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Figure 7: Simple voltage reference. (The bulk terminalslldPBETs are connected #6p.)

W %4 2Ips
Im = fn,p]f (Vas — Vo)) = A/ 2k‘fn7p}fst =

L
Tout = 77
A[nyp]IDS
)‘Envp} LA,p)

Vbsar = Vas — Vo)
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Transistor parameters

3.3V NFET 3.3V PFET
k! 170 A /V? [ K] 58 A /V?
VTHon 0.50V VirHop —0.65V
Ya 0.58 V12 |~ —0.40 V1/2
Py 0.44V Py 0.42V
N 0.0875 um/V | A} 0.0875 um/V

NFET and PFET

€ox ‘ 34.53 pF/m ‘ tox ‘ 7.6 nm

Table 1: Typical process parameters for the AMS C35 FETSs.

11



