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1. (a) Resistor loads in MOS logic

Resistive loads are a feature of nMOS logic. Resistors can be manufactured in integrated
form using polysilicon (as used for gate electrodes) or doped silicon (as used for
source/drain), with the dimensions chosen to achieve the required resistance.

Resistors implemented on silicon occupy very considerable area. In order to minimise
power dissipation, relatively high values of resistor may be required, and as resistivities of
available materials are relatively low, these need to be laid out as long serpentine
structures and consume disproportionate amounts of space — the load resistor may require
10-100 times the space of the driver.

While for several years nMOS process technology offered considerable performance
advantages over competing bipolar technologies of the day, it suffers from key
fundamental disadvantages:

* Continuous dissipation of power in the load in one state (0 output for ntMOS)
Difficulty in obtaining a fully restored logic ‘0’, leading to poor noise margins
Passive pull-up to Vdd means relatively slow switching for output 0-1.

Power dissipation, speed, and noise margins are inextricably interdependent

/N In circuits where resistive loads are
v LOAD unavoidable (for example, pseudo-nMOS
GG (enhancement) logic or linear circuits), an appropriately

biased MOSFET may be used as load, with

the gate returned to a fixed bias to obtain an

appropriate channel conductance,

v approximating the behaviour of a resistor.
out Static and dynamic logic gate performance

DRIVER 1 are now a sensitive function of the

<

{enhancement) dimensions of load and driver FET.
Use of a depletion-mode FET with
grounded gate is also possible.

Although the resistive characteristic is far from ideal (non-linear), such devices are much
more compact.

In CMOS, the passive resistor load is replaced by an active complementary device driven
by the input signal. Its much superior characteristics of CMOS have led to its ubiquitous
use in logic circuits.

(b) The circuit for the CMOS inverter is shown.

Note that since both devices have the sam e &
— o, and [V7], delays andr ise/fall times are the

PMOS same for both transitions, 0-1 and 1-0.
G .':'. Te We shall assume that (i) equations 1 and 2 can
. be used as given, (ii) that the input changes
—1 o | abruptly, and (iii) there is no load a part from
. I_": Tn c the x pF capacitance; (iv) Yoy and Vo for the
Vin e -|' Y [ Yew inverter are Vppand 0 V.
NMOS
(o —1- ¢ —0 0V

The 10-90% fall time cc-)rresponds to the output m aking its transition from 1 to 0. This is
caused by the input switching from 0 to 1; the abrupt transition means that Tp switches off
instantly, and we need only consider the discharging of Cj thru Ty. We now consider the
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changing conditions for this device. At the instant Ty begins to conduct, V. is 4 V, Vgs=
4V and Vpsis 4 V. Ty is clearly in its saturation region, in which it will remain until Vg
falls to Vs — V7, or until ¥, rises to 3 V. The remainder of the fall happens with Ty in its
non-saturation region.

We are interested in the 10-90% fall time, i.e. the interval between V,,, passing through
3.6 Vand 0.4 V. This interval comprises two periods that have to be found:

tsaT - Cy discharges from 3.6 V to 3.0 V (Ty in saturation region — Eqn 2)

txon-saT = Cr charges from 3.0 V to 0.4 V (T in non-sat’n region — Eqn 1).
For 547, T in its saturation region acts as a constant current source with current:

k k
Ip =5(VGS . =§(4—1)2 =4.5k

The time fs4rtaken to discharge Cy through 0.6 V at constant current is:
tour =C1 x0.6/Ip =0.6C; /4.5k = 0.13%

As V,ureaches 3 V, Ty enters its non-saturation region and the current thereafter depends
on its Vps and hence on V... The expression for I (NMOS case) is:

Ip= £[2(VGS - VT)VDS - Vz%s]» and noting that Vps= V,., we can substitute:

k k
[2(4 1) out — out ] out out) ( out )(6 - I/:)uz‘)

NON-~SAT

I D .
—— W€ can write:

L
Note that a positive drain current gives a negative rate-of-change for Vour

out

2C
dt =tyon—_sur =——2 f ( )(6 )
out ut

Using g&ﬂ = —

This can be simplified using partial fractions to: ~ ziL fA %( Vl = 1V Jd Vout

out out

0.4
C 6-V, C 5.6 3 C
H Frnaqm = —2 1 1 out = ZL|j (_)_1 (_) = 264—=L
o108 INON—saT 3k {n v, L 3k(n 0.4 8 3 3k

out
The total fall time is the sum of the intervals in the saturation and non-saturation regions.

Hence a suitable expression is: ! ot =tsar HENON-SAT = %—(0.39 +2.64) .k
~12
Substituting values, ! = —15X—10—5— x3.03 =1.26 pus
3x1.2x10~

tyise and try may be equalised by designing the parameter W/L for each transistor in the
inverse ratio of the mobility p of the material from which its channel is made. Thus:

m
Wp/Lp ==2L.Wy /Ly
P
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2. (@  In the conventional CMOS logic i nverter, the low-to-high and high-to-low
transitions occur at the sam e input voltages. In the Schmitt g ate the phenom enon of
HYSTERESIS is exhibited, where the L-Hand H-L transitions occur at different input
voltages.

The voltage transfer characteristic exhibits a hystere sis loop as shown in the Schm itt
inverter characteristic.

e  Vour makes its H-L transition when
Ve ) Output ow-10-high iraneition the rising input voltage exceeds
Ve Vv =Vp

~ R
t
f
!

¢  Vour makes its L-H transition when
l the falling input voltage drops

l below

Vv =V

l The condition Vip > Viy must hold.
Vio—Viy isref erred toasth e

[ ]
\_ \_ hysteresis of the gate.
v v >Vl

Vo

If the input V v exhibits noise, the hysteresis characte ristic is helpful in cleaning up and
conditioning the signal for digi tal processing. Thism ay be used to advantage in line
receiver applications. Because of the fast transition times in high speed digital sys tems,
and the intrinsic parasitic series ind uctance and parallel capacitance of a signal wire, the
voltage pulse seen at the end of a long line might be as below (characteristic ringing).

Vi

The output of a si mple inverter with switch
level Vip would exhibit addition al spurious

Mpe E
[V

Setting the switching level to Vi would not
necessarily solve the problem asitm ight
cause triggering on other noise events.

¢ The outputof aSchm itt inverter with

thresholds Vip, Vi, as described would
__________ alleviate this effectin as ingle step, as
required.

The Schmitt inverter can also be used for
converting non-digital signals (e.g. sine
waves) to a digital pulse train.

[————
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(b)  MOS technologies offer great flexibility , high density, low consumption, high
speed, excellent scalability, and ability to integrate com plex support functions. Form erly
bipolar technologies offered greater speed, but dimensionally scaled MOS memories have
now surpassed bipolar technologies in this sense as well.

(c) Let us assume that the inverter switches . _S/.

at VSW = VDD/2, that is, 1.5 V. Datain Data out
If C loses half its charge, having been set to

logic 1, it will (incorrectly) read out a value c

interpreted at logic 0. I

The leakage current is fixed at 50 pA for =
every cell (a convenient simplification)

Hence the time t taken to discharge to 1.5 V is:

70x107° x(3-1.5) _
50x10712

The capacitor must be refreshed at least th is often. In fact, every read or write s erves the
purpose of refreshing the memory cell being read from/written to, but the routine pa ttern
of reads and writes m ay not necessarily be su fficiently regular to ens ure all cells are
properly refreshed. Asaresult, dedicated hardware is provided to intersperse refresh
cycles among the normal read/write transactions.

T=CX(3—VSW)/ILEAK = 2.1 ms

If the refresh is performed at 2 m s intervals and occupies one clock cycle at 100 MH z, the
proportion of clock cycles lost to refresh and not available for regular read/write is:

1/2x10°% 500
108 108
However, additional hardware is needed to achieve this. In m ost memories this will

comprise a clocked counter, coupl ed with arbitration logic to avoid the risk of refresh and
other accesses coinciding in any memory cell.

= 1 cycle in 200,000, a negligible overhead.

(d)  To determine power dissipation, we assume that all cells are at logic ‘1°, and have
identical leakage.

Hence the total leakage current for a 1 Mbit memory would be 50 x 1072 x 10°, or 50 pA.
At a supply voltage of 3 V this corresponds to a power loss of 150 pW.

Note that it is more likely that a proportion of cells will be in the 0 state, and we are not
told what leakage current flows under these ¢i rcumstances. However, it is possible that
the currents in the two states might be of comparable magnitude.

In practice, this represents the static dissipation of the memory array. To this would have
to be added contributions due to changes of state, primarily arising from repeated charge
and discharge of the storage and other capa  citances. T his source of power loss is
proportional to frequency of operation, and to Vpp?.

By today’s standards, 1Mbit is a moderately small memory!
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3.(a) The design rules to implement a combinational circuit free of static or dynamic
hazards using only NAND gates are:

@) All the adjacent 1-terms in the K-map of of the function should be covered by a
common 1-term
(i)  There should be no 1-terms that contain both a variable and its complement.

b The block diagram is shown below (other schematic variants can also be
correct):
[20%]
State
Sequential decoding &
logic output logic
Red —p
Vg Vehicle Q . Main Yellow ——» i
T e ] Green [——> & Traffic
e &, Red , light unit
Side < yellow —>
CLK— Green —> —
A
Timing triggers
(output)
TL Ts
Long  Short «—
timer  timer
Timing
circuits
[20%]

First state. The Gray code for this state is 00. The main street light is green and the side
street light is red. The system remains in this state for at le ast 20 seconds when Ty is 1 or
as long as there is no vehicle on the side road, V. =0. The system goes to the next state
when the 20 s timer is off (TL becomes 0) and there is a vehicle on the side street (Vs=1).
Second state: Gray code is 01. The main street light is yellow and the si de street is red.
The system remains in this state for 3 seconds when the short timer is on (T is 1) and goes
to the next state when T becomes 0 (after 3seconds — counted by the timing circuit).
Third state: Gray code is 11. The main street light is red and the side street light is green.

The system remains in this state when T 1, is 1 and there is a vehicle on the side road,
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Vs=1. The system goes to the next state when the 20 s timer is off (T;, becomes 0) or there

is no vehicle on the side street (Vs=0), whichever comes first.

Fourth state: Gray code is 10. The m ain street light is red and the sid e street is yellow.

The system remains in this state for 3 seconds when the short timer is on (T; is 1) and goes

to the first state when T becomes 0 (after 3 seconds — counted by the timing circuit).

First state 00
Main: green
Side: red

Ts

I First state 10

Main: red
Side: yellow

Second state 01
Main: yellow
Side: red

Third state 11
Main: red
Side: green

Present Next state for the inputs Ts,T1,Vs
state
000 | 001 011 010 100 101 111 110
00 00 01 00 00 00 01 00 00
01 11 11 11 11 01 01 01 01
11 10 10 11 10 10 10 11 10
10 00 00 00 00 10 10 10 10
Present state Light outputs Trigger outputs
MR MY MG SRSY SG |Long Short
00 0 0 1 1 0 0 1 0
01 6o1. 0 1 0 0 |O 1
11 1 0 0 0 1 0 |0 1
10 1 0 0 0 0 1 1 0
6

[30%]

[30%]
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4. (a) The Quine-McClusky tabular m ethod is based on buildin g lists with adjacent
blocks containing the same number of ‘High’ variables. By comparing, and if appropriate,
combining each term from one block with the block below we build subsequent lists . The
terms that did not com bine in each list (includ ing the last) are termed ‘Prime Implicants’
(PIs). The ‘Prime Implicant table’ is formed of the PIs and the original terms of the logic
function. The idea is to select the minimal and the simplest PIs which cover all the original
terms. This can be done by visual inspection or by a formalised method.

) If the logic function is not in a canonical form (or not brought to a
canonical form) it is dif ficult to deal with term s that have fewer variables. Such
terms may be introduced in the second or  subsequent lists but this results in
missing the chance to com bine parts of them (canonical com ponents of such
terms) with other terms from the first list (or previous lists) and thus the m ethod
does not always deliver an optimal solution.The vending machine is shown below:

; [20%]
Drink release
Coin Sensor  |-2P Vending DISPENSE| mechanism
10p | machine
"l digital READY
controller
> Display
NEXT COIN
[20%]

The state d iagram is s hown below. Ther ¢ are4 s tates. Since the outputs are only
dependent on the state, this is a Moore state diagram and will lead to a Moore circuit. If no
coins are received the machine remains in the same state. Also note that two coins cannot
be received at the same time.

SO
READY
10p 3p
S2 5p S1
NEXT NEXT
COIN COIN
XA
10p
DISPENSE

The state table is shown below
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Present state Next state for 5p10p= DISPENSE | READY | NEXT
00 01 11 10 COIN
SO 00 00 10 - 01 0 1 0
S1 01 01 11 - 10 0 0 1
S3 11 00 00 - 00 1 0 0
S2 10 10 11 - 11 0 0 1
D, D, [30%]
5p 10p 5p 10p
1" 1
Q,Q 00 01 10 Q,Q) 00 01 1 0
00 0 1 X 0 00 0 0 X 1
01 0 1 X 1 01 1 1 X 0
Moo x|og M| 0|0 | x| o
10 1 1 X 1 10 0 1 X 1
D1= SUM(2,4,5,6,9,10) D2= SUM(1,5,6,8,10)
i 4-line to ROM i
! | 16-line m‘l) l i
i decoder m l
: m2 —* ) : i
MSB m3 . l
' m4 E
\ f mS5 * i
5p —— mg ? j :: !
10p ——] mg Y ® :
1 m :
i m9 i
f ml0 1 I !
: mil ] i
{ ml2 ‘/_---\ ! These links are
! - ~ 1 not mandatory,
! ml3 — as5pand 10p
) 7 X H be
LsB ms : L I: fﬁ%&tm
D2 D1
NEXT COIN
O— O—
READY
Q2 Q1
DISPENSE

[30%]
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1.
ID = 4.5k
o3&
tsur =013
C
Inow-sar = 2~643_]€
C
!t =tsaT +ENON-SAT = §(0~39 +2.64)
15x10712
Loy =———%x3.03 =126 us
T 3x12x107
2
‘E:Cx(?’_VSW)/ILEAK = 2.1 ms
The proportion of clock cycles lost to refresh and not available for regular read/write is:
-3
—1/21—X0180—— = f()ig = 1 cycle in 200,000, a negligible overhead.

The total leakage current for a 1 Mbit memory would be 50 x 1072 x 10, or 50 LA, Ata
supply voltage of 3 V this corresponds to a power loss of 150 pW.



