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ABSTRACT

This lecture gives basic ideas and practice of the circuit technology for high en-
ergy physics experiment. The program of this lecture gives access to the integrated

circuit technology to be applied for a high luminosity hadron collider experiment.

% Presented at University of Tsukuba, July 1-3,1992

1

1. Introduction
1.1. GENERAL DESCRIPTION

The design concepts on the electronics system for high energy physics exper-
iment meet with a drasiic innovation of methodology and/or technology. Tradi-
tional way was to put preamplifiers on the detector end, whose outputs are trans-
mitted via a large bundle of cables to an electronics hut to be processed by data
acquisition modules. The accelerator operation cycle was 543 to 20 us, which
was enough to compensate for latency of the trigger decision circuit. This ap-
proach does not work for the recent high lurninosity collider experiment. In order
to meet with high trigger rate, large data size, radiation damage issues, and an
enormous number of readout channels, we have try to apply VLSI technologies to
the detector instrumentation for the high energy physics experiment. The front-
end VLSIs have complicated digital control capabilities as well 2s analog processing
functions, which are directly mounted on the high density printed circuit board.
The back-end digital circuits are operated with high frequency clock signal where
a pipe-line operation takes an essential role. These electronic system are designed
with an aid of circuit simulators based on malog oriented (SPICE) method and/or
digital oriented (VHDL) method. In this text we would like to give access to an
analog circuit design in terms of SPICE. We never try to describe circuit in terms
of "equivalent 4-terminal network”, but to characterize electronic devices in terms
of mathematical model. Basic ideas about radiation measurements are covered
also together with some ideas related with semi-conductor physics. Digital circuit
technologies and radiation damage issues are not covered in this text, on which
we expect some lectures will be arranged elsewhere. You can find some reference

literatures on these items in the reference list of the next section.



6. Radiation effect:
G.C.Messenger and M.S.Ash,” The effect of radiation on electronic systems”,

Van Nostrand Reinhold Company Inc., 1986
T.P.Ma, and P.V .Dressendorfer, "lonizing radiation effects in MOS devices

1.2. REFERENCES

1. Introduction to electronics:

P.Holowitz and W.Hill,”The art of electronics”, Cambridge university Press,
1980

A.P.Malvino, ”Semiconductor circuit approximations: An introduction to
transistors and integrated circuits”, McGraw-Hill, 1980

D.L.Scilling and C.Belove, "Electronic circuits: Discrete and integrated”,
McGraw Hill, 1980

K.Shimoda and K.Sakurai, "Fundamentals of electronics”, Syokabo, 1983
K.Sakurai and K.Shimoda, ”Fundamentals of electronic instrumentation”,

Syokabo, 1984

. Electronics for radiation measurement:

P.W.Nicholson,” Nuclear electronics”, John Wiley & Sons, 1974
E.Kowalski,” Nuclear Electronics”, Springer-Verlag,1970

I.Miura, ”Radiation detector and its application”, Syokabo, 1965

. Integrated circuits:

D.A.Hodges and H.G.Jackson,” Analysis and design of digital integrated cir-
cuits”, McGraw-Hill, Inc., 1983

P.R.Gray and R.G.Mey.er,”AnaJysis and design of analog integrated circuits”,
New york, Wiley, 1977

C.Mead and L.Conway, "Introduction to VLSI Systemns”, Addison-Wesley,
1980

. Noise:

F.R.Connor,”Noise”, Edward Arnold (Publisher) Ltd., 1982

. Semiconductor physics:

A.5.Grove,”Physics and technology of semiconductor devices”, John Wiley
& Sons Inc., 1967

S.M.Sze,” Physics of Semiconductor Devices”, John Wiley & Sons, Inc., 1981

and circuits”, John Wiley & Son, 1989

2. Electronic devices

The basic physics constants used in this lecture are listed in Table 1. The basic

equations for the semiconductor are shown in Appendix A. The device models are

based on the SPICE model.

2.1. DIODE

The operational behavior of the p-n junction diode is characterized as:

Ip= Is(ezp(:vDT) ~1) (2.1)

QDth]D"l‘Cjﬂ/m)—md
0

Vp: diode voltage

Ip: diode current

Is: saturation current

n : emission coefficient

Vr: kT/q

Cjp: zero-bias depletion capacitance
$p5: built-in potential

m : grading coefficient

71 transit time

Rg: ohmic resistance

! v (2.2)
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n;: intrinsic carrier density
N,: effective density of states in the conduction band
N,: effective density of states in the valence band
Eg: band gap energy
The capacitance (Cp) of the diode is defined as a derivative of @ p:
_dQp T Cyo

Cp = = S 4 2.3
D=9 "o T (L Vb/én)™ &3
where rp is:
_dVp nVp
rp = iy~ Ip (24)

rp is about 26  for Ip = 1mA, n=1 and junction temperature of 300 °K. Taking

into account I,’s temperature dependence:
E
Is « Dot = KTzexp(——q) (2.9)
Vr

Vp shows negative temperature coefficient:

o _ 1
ar T

which is about -2mV/°C. The emission coefficient comes from two current gener-

(—Ve +Vp —2V) (2.6)

ation mechanisms, diffusion current (n=1) and recombination current (n=2). The

reality is between the two.
In terms of intrinsic carrier concentration, the thermal equilibrium is charac-
terized as:
pn=n! 2.7)
For the intrinsic semiconductor ( i.e. which has no impurity doping concentration
) there stands:
p=n=n; (2.8)
The origin of the built-in potential is explained in Appendix C. The SPICE diode

model parameters are listed in Table 2. A complete set of SPICE model consists

of 14 parameters. A SPICE deck including diode is shown below:

EXAMPLE-1

MODEL MISXXXX D IS=.... RS=.... N=... TT=.... CJ0O=. .
RR331 1K

DD2 1 0 MISXXXX

VC230.

VA 2 0 PULSE ( -1. 1. 200.N 5.N 5.N 200.N )

TEMP 27

.OP

.TRAN 5.E8 1.E6 0

END

The zero-voltage power supply VC was introduced to measure the current flow
through this supply. Applying a square pulse from the voltage terminal VA,
you could find a capacitive nature of diode about the current flow. The circuit

schematic is shown in Figure 1.

2.2. BJT

There are two type of Bipolar Junction Transistors; they are pnp and npn
transistor. The BJT is described as 4-terminal device; i.e. collector, base, emitter,

and substrate. The BJT’s are characterized as:

— 1, Vee/Va Vec/V;
Ip = a(e T—1) = L(e"7e/Vr _ 1) (2.9)
I
I - Is VEE/VT __1 s Vgc/VT _
-7 )~ 22(e 1 (2.10)
The capacitance characteristics are:
Cop=Toevesive y _ Cio 2.1
v (T~ Vag/d™ (2:1)



_nlh Vec/Vr , ___ Cico _
Cao = Vr ¢ (1—Vac/¢e)m

The capacitance between the substrate and the collector terminal is:

Cjc:

Cse = T Tagjam

The base current is evaluated as:
Ip = Ip— I = s-g(e¥ool¥e 1) = 1, (eVee /¥ _ 1)
Br Br

The forward current gain is defined as:

Io
Br ~ j 7
which is related with ap:
ap
Br = 1
—ap
In the same way the reverse current is:
ap
Br= 1

The common emitter transconductance (g, ) is defined as:

1 dlg Ip
Jin-=— —% =

re dVgg Vp

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

The SPICE parameters for the BJT are listed in Table 3. The other parameters,
VA and VAR, are also essential to characterize bipolar transistor. The formula for
Ic and Ig could be modified by a factor of 1+ Vpe/Vy and/or 1 4+ Vg /Vag for
each term. A complete set of SPICE model consists of 40 parameters. A SPICE

deck including BJT is shown below:

EXAMPLE-2
MODEL M2SCXXXX NPN IS=.... BF=.... BR=.... RB=.... RC=....
+ RE=.... CJE=....

QQ13 4 4 1 M2SCXXXX

QQ12 6 5 7 M2SCXXXX

QQ11 6 7 3 M2SCXXXX

QQ10 2 1 3 M2SCXXXX

RRY 8 1 470

RRS8 0 5 50

RR7 8 7 470

RRS6 8 3 220

RR5 0 2 50

RR4 4 0 50

VV3606

VV208 5.2

VA 5 0 PULSE (0. -0.8 200.N 5.N 5.N 200.N )

.TEMP 27

0P

.TRAN 5.E-8 1.E-6 0

END

The circuit is just a toy circuit to demonstrate a NIM-to-ECL and an ECL-to-NIM
converter simultaneously. QQ12 is an emitter follower, which translate the NIM
level signal to the ECL level signal. The switch stage consists of QQ11 and QQ10.
The base of Q@10 is biased at the mid-point of the ECL-logic swing. The circuit

schematic is shown in Figure 2.



2.3. MOS

In the operation of BJT, the minority carrier takes an essential part. On the
other hand, MOS transistor ( MOST ) is a majority carrier device. There are two
types of MOS transistor; n channel MOST and p channel MOST. MOST could be
separated further; enhancement MOST and depletion MOST.

The characteristics of MOS transistor are described below. The MOST is described
as a 4-terminal device; i.e. drain, gate, source, and substrate. In the linear region

( or before pinch-off ):

1. W
Ip = =ky—(2(Ves — Vrr)Vs — Vis) (2.19)
2P

In the saturation region { or after pinch-off ):

w
Ip = Sk (Vos — Vrg)? (2.20)
where k; is called as process gain ( transconductance ) factor which depends on
details of semiconductor fabrication. The break-down of the process transconduc-

tance factor is shown below:

ky = pCo: (2.21)

g, = Cai0a €0 (2.22)
toz

Cg = WLCos (2'23)

The transconductance of the MOS transistor at the pinch-off condition is:

_ dlp
Im = _dVGS—

w
gm = ka(VGS —Vrg) (2.25)

e
9m = \[?Tkpjl) (2.26)

The gate voltage on which the MOS transistor begin to work is Vpg:

Vrr = Vro + 7(V/é8 + Vss — /$5) (2.27)

where Vpo 1s expanded again:

1
Vro = VrB+ ¢B+ C—\/fqunaéﬁo¢3 (2.28)

where Vsp is measured from source to bulk terminal; that is usually positive. The
parameters that determines the threshold voltage are the material and doping level
of the gate; 1.e. flat-band voltage ( Vrp ). The radiation damage incorporates fixed
oxide charge, which affects on the threshold voltage also. It should be note that
the concept of the MOS transistor based on the effect of surface inversion. The
surface inversion changes semiconductor type from p-material to n-material. The
surface potential of the MOS transistor could be derived from the consideration of

balance between the diffusion current and the drift current:

1 n, N4
Vs = Vrin 3 (2.29)

L

where V, is the surface voltage , and n, is the surface carrier concentration. The

strong inversion layer is generated when

ng =Ny (2.30)
The condition to generate strong inversion 1s:

—_ NA —_— .
Vo= 2Vpin—2 = 24; (2.31)

The SPICE parameters for the MOS transistor are listed in Table 4. These SPICE
parameters are Level-1 MOS parameters. These SPICE parameters has some re-

dundancy. There are many varieties of MOS parameters which are introduced to

10



fit to the most advanced MOS devices. A SPICE deck including MOS transistors

is shown below:

EXAMPLE-3

.MODEL MPMOS PMOS VT0=-0.88 TOX=26N UO=216. PB=...
.MODEL MNMOS NMOS VT0=0.88 TOX=26N U0=661. PB=...
VV6105

MQ54 511 MPMOS L=1.4U W=3.6U

MQ4 4311 MPMOS L=1.4U W=3.6U

MQ34 520 MNMOS L=1.2U W=3.6U

MQ2 2 30 0 MNMOS L=1.2U W=3.6U

TEMP 27

.OP

.TRANS.E-81.E60

.END

The circuit is a 2-input NAND circuit. The n-MOS transistors are located in series,
while the p-MOS transistors are in parallel. The substrate of tMOS transistor are
tied to ground (V;,), and that of pMOS transistor are tied to +5V (Vzg). The
circuit configuration is a Complementary MOS (CMOS) circuit. You should note
that the SPICE convention gives negative value for VIO of p-MOS , while VT'O
for n-MOS is positive. The surface mobility UO of the p-MOS is one third of the
n-MOS transistor. The surface carrier mobility is half or less of the carrier mobility
in the bulk. The low power nature of CMOS circuit provides benefit to implement
large scale digital circuits. The circuit schematic of the CMOS NAND circuit is
shown in Figure 3.

11

2.4. JFET

The JFET is a depletion mode device; in the normal operating condition the

gate voltage is lower than the source voltage for n-channel JFET. The character-

istics are described below. In the linear region ( before pinch-off )
Ip= g‘VDS@(VGS — Vro) — Vps)(1 + AVps) (2.32)
In the saturation region ( after pinch-off ) :

Ip= g(VGs — Vro)*(1 + AVDbs) (2.33)

The capacitance characteristics are:

Ceso (2.34)

e .
G5 7 (1= Ves/é8)/?

= Cepo (2.35)
Cep = (1 - Vep/é8)/?
B could be evaluated as:

8= uCyy (2.36)

where C, is the unit capacitance of the FET gate. The total gate capacitance Ce
is:

Cg = WLC, (2.37)

The SPICE parameters for JFET are listed in Table 5. A SPICE deck including
JFET is shown below:

12
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EXAMPLE-4

MODEL M25CXXXX NPN IS=.... BF=....
MODEL M2SAXXXX PNP IS=.... BF=....
‘MODEL M2SKXXX NJF VTO=.... BETA=....
QQ21 6 7 8 M2SCXXXX

QQ20 6 2 7 M2SCXXXX

QQ19 2 4 5 M2SCXXXX

QQ18 4 4 9 M2SCXXXX

QQL7 2 1 3 M2SAXXXX

RRI16 11 8 2K

RRI15 11 7 7.2K

RR14 3 6 400

RR13 11 5 100

RRI12 11 9 100

RR10 1 6 4.7K

RR9 01 3.3K

RRS 10 8 10MEG

JQ7 3 10 0 M2SKXXX

VV6 60 8

VV5 0118

CC4100.1U

CC3 10 8 0.5P

CC21012 1P

VA 12 0 PWL (0. 0. 400.N 0. 410.N -0.1)
TEMP 27

.OP

TRAN5.E71.E50

END

The circuit consists of a common source n-channel JFET ( JQ7), a folded cascode

13

transistor ( Q@17 ), and Darlington transistors for output ( QQ20 and QQ21 ).
QQ19 is for a high impedance load. The feed back elements consist of RR8 and
C(C3. CC2is for a test pulse injection. The circuit schematic is shown in Figure 4.

2.5. PASSIVE ELEMENTS

Capacitor The capacitors used for integrated circuit design are diode capaci-
tance, MOS capacitance, metal-insulator-metal (MIM), and polysilicon-insulator-
polysilicon ( double poly capacitor). The diode capacitance and the MOS capaci-
tance have a voltage dependent nature. The usable capacitance value for integrated
circuit design is around 1 pF. A capacitance of 10pF is quite large. A capacitance
of 100pF is almost unrealistic. The unit capacitance of MIM and/or double poly
capacitor is less than 1 fF/um?”.

Resistor There are two way to fabricate resistor for the integrated circuit. One
is to use a process step of pT diffusion into n-well area for the p-MOS transistor.
Another way is to use poly-silicon strip with appropriate impurity dosage. These
resistor has inherently temperature dependent nature. The absolute value of these
transistor is not better than 4- 10 %. The design practice of the integrated circuit
is not to rely on the absolute value of the resistor, but on the relative matching of

the resistors.
3. Basic circuits and ideas

3.1. BUILDING BLOCKS OF CIRCUIT

Follower
Emitter follower:
The output impedance of the emitter follower is evaluated as:

Zout = Te =

Vr
T, (3.1)

14


http:circu.it
http:M2SCxx.xx

The input impedance is measure from the base node:

Zl'n = ,BFRL (32)

High drive follower:

The characteristics of a high drive follower is hown below.

Te +Rﬂ
Zaui = mz‘ (33)
Zin = Br1(Bo + Rr(14 Ry /R2)) (3.4)
Your _ L1y my/Ra)/(1/Ry + (14 RR 3.5
Vi Ro 1/R2)/(1/ Ry + (1 + R1/R2)/ Ro)) (3.5)

In the limit of Ry/R; — oo, the output impedance tends to zero, the input im-
peance goes to infinity, and the transfer gain is 1. A SPICE deck including the
high drive follower is shown below:

EXAMPLE-5
.MODEL M25CXXXX NPN
MODEL M25AXXXX PNP
QQ17 1 5 6 M2SCXXXX
QQ16 7 7 9 M2SCXXXX
QQ15 6 7 8 M2SCXXXX
QQl14 2 1 3 M2SAXXXX
QQ13 1 14 M2SCXXXX
RRI12 0 5 50

RR11 2 6 50

RRI0 0 12 50

RRY9 10 9 100

RRS 10 8 100

15

RR7 714 1K
RR6 4 15 500

RR5 3 13 50

VV4 110 12

VV3010 12

VE 014 0.

VA 5 0 SIN ( 0. 5.E-1 5.E+6 1.E-7 1.E+6)
VB 11 15 0.

VC 1113 0.

CC21220.1U

.TEMP 27

.OP

TRAN 5.E-8 1.E-6

END

In order to evaluate eq. (3.5), we put Ry = R11, Ry = RR6, Ry = RR5, and
Ry = RR10. The circuit schematic is shown in Figure 5.

Darlington circuit
Two Vpg drop configuration: In this circuit the emitter node of one transistor is

connected to the base node of another transistor.

Zaut =Te = 7: (3'6)
Zin = Br1Br2RL (3.7

We can obtain very high input impedance and/or very high effective forward cur-
rent gain. A possible problem is that there is two Vpg drop { ~ 1.5V ) from the
input node to the output node. One Vpy drop configuration: In this circuit col-
lector of the input transistor is connected to the base node of another transistor.

The emitter of the input transistor and the collector node of the second transistor

16




are tied together at the output node. This configuration could be understood as
the limiting case of the high drive follower. The output impedance could be Jess
than 1 Q:

Te
Zou! = ﬂrz (3'8)
Zin = Br1BraliL (3.9)

differential pair

The differential pair of the bipolar transistor is a basic building block for ana-
log/digital application. Switching:

The emitter coupled transistor palir is frequently used for a switch circuit. The dif-
ferential input voltage of about 100 mV is sufficient enough to switch the current
flow from one transistor to another.

Common mode rejection ratio:

The differential pair is less sensitive for the common mode input voltage. The
ratio of the common gain relative to the differential gain is called common mode
rejection ratio.

Power supply noise rejection ratio:

The idea of power supply noise rejection ration is not inherent for the differential
amplifier. We would like to mention its definition here. The voltage disturbance
of the power supply rail propagates to the output of the amplifier. The amplifier
gain from the power rail to the amplifier output is called power supply rejection
ratio. The preamplifier circuits are often deteriorated in terms of the power supply

rejection ratio when the detector capacitance is very large.

Current mirror

The circuits are biased with current mirror circuits and or a voltage reference
circuits. We shows here some examples of simple current mirror, Wilson’s current
mirror, and a temperature compensated bias circuit.

A SPICE deck including these circuit blocks are shown below:

17

EXAMPLE-6
MODEL M2SCXXXX NPN
MODEL M2SAXXXX PNP
QQ21 10 10 14 M2SCXXXX
QQ20 13 6 10 M2SCXXXX
QQ19 412 9 M2SCXXXX
QQ18 6 10 11 M25CXXXX
QQ17 1 8 9 M2SCXXXX
QQ16 15 4 16 M2SCXXXX
QQ15 6 3 7 M2SAXXXX
QQl4 4 1 5 M2SAXXXX
QQl3 3 3 0 M2SAXXXX
QQI12 1 1 2 M2SAXXXX
VA 8 0 SIN ( -5.E-1 5.E-1 5.E6 0. 1.E+6)
RRI11 11 17 100

RRI10 15 2 100

RR9 15 5 100

RR8 3 174K

RR7 15 74K

RR6 14 17 100

RR5 16 17 4K

RR4 12 16 100

VV3 150 8

VV2 0 178

VC 9 0 0.

.TEMP 27

.OP

.TRAN 5.E-8 1.E-6 0.

END

18



The current mirror configuration might be used for a constant current source and
also for a high impedance load. The current mirror with QQ12 and QQ14 is
for a high impedance load. Transistors Q@18, QQ20, and QQ21 are elements
for the Wilson’s current mirror to provide a constant current source. The circuit
elements RR7, RR8, QQ13 and QQ15 provides a temperature compensated current

reference. The circuit schematic is shown in Figure 6.

3.2. AMPLIFIER
This section describes basic concept of the feed-back amplifier. The negative
feed back stabilizes and/or improves:
1. DC operation condition
2. Gain versus frequency response
3. Linearity
4. S/N ratio

5. Zin, Zowt characteristics.

Operational Amplifier

Inverting amplifier:
The inverting amplifier consists of an amplifier with an open loop gain of —G, a
feedback registor of K, and a input resistor R; which is series to the input terminal.
The amplifier gain is:

Ry

A= TRJCT R+ 1/C) i

which could be written as:

T(jw)

A=At

(3.11)

i9

where

e B
=&
and
BiG(jw)
T
() R+ R
In general:
. Zy
Aso(jw) = 7
Non-inverting amplifier:
The amplifier gain is:
A= Ry + Ry
T Ri(1+1/G)+ R/G
which could be written as:
T(jw)
AR Aoy 14+ T(jw)
where
Aw=14 72
o = R,
and
_ RBG(jw)

T(Jw) - Rl +Rz

where R;/(Ry + Rz) is a feed-back fraction. In general:

Zy

Ax(jw) =14+ 7

20

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)



Input impedance The input impedance of the inverting amplifier is:

R + Ro
Zig =R+ —— 3.20
n 1 1 +G ( )
where Rp is the internal impedance series to the output port of the operational
amplifier. When R; = 0, the amplifier is a current sensitive amplifier, or formally
called as a trans-impedance amplifier. When R; = 0 again and K is replace

with a capacitor, the circuit is a charge sensitive amplifier, or formally called as a

trans-conductance amplifier.

Output impedance The output impedance of the inverting amplifier is:

_ Ro//(R1+ Ry)

Byui = 1+ 7 (3.21)

Blackman’s formula A general formnula to obtain Z;, and/or Z,.; is due to Black-

man’s formula:

(3.22)

where

Zy: input(output) impedance when amplifier is removed from the circuit.

7,: feed-back when input(output) terminal is grounded.

To: feed-back when input(output) terminal is open.

Equations (3.20) and (3.21) could be confirmed with this Blackman’s formula. In

the case of the input impedance of the inverting amplifier, there stands:
Zo = Ro+ R1+ Ry (3.23)

mG

e S 3.24
Ro+Ri+ Ry (%2)

T,=G (3.25)

21

The output impedance is evaluated with:

Zy = Ro//(R1 + R) (3.26)
T,=0 (3.27)
mG

°= Ro+ Ri+ Ry (3.28)
The stability /instability condition is analyzed in terms of:
1. Bode diagram:
If the phase of G(jw) goes near 180° or G(jw) is on the -12dB/oct slope at
the frequency of G(jw) ~ A, the amplifier is potentially unstable.

2. Nyquist diagram
The circuit is stable when the coordinate (-1,0) is outside of the 7'(jw) tra-

jectory for -0o to oo of w.

3. Zin and Zoyi.
The two-port network is said to be unconditionally stable at a given frequency
if the real part of Z;; and Z,ws are greater than zero for all passive load
and source impedances. If the two-port is not unconditionally stable, it is

potentially unstable.

The first method will be useful to use an operational amplifier. The second
way is quite powerful to analyze the automatic control system in a mathematical
way where the frequency response is known a priori. The last method with I/0
impedance is most powerful for circuit simulation with SPICE. The approach is
usable for non-feed back circuit, but with stray feed back loop. The approaches to

fix circuit oscillation are:

1. Move pole or substitution of pole position

22



2. Pole/zero cancellation
3. Attenuation of open loop gain

4. and elimination of unwilling feedback route.

4. Application for data acquisition
4.1. DECISION CIRCUIT

The decision circuit generates a logic signal when the input analog signal sat-

isfies a certain condition about its pulse height.

Leading edge discriminator The most simple decision circuit is a leading edge

discriminator, which is commonly used for timing pick-off of the photo-multiplier
signal. Because the discrimination condition is just a single threshold, the timing

edge suffers from " Time-walk” due to pulse height variation.

Zero crossing discriminator The zero crossing discriminator incorporates two lead-

ing edge discriminator internally. One discriminator generates a logic high during
a time interval where the input signal is larger than the threshold level. Another
discriminator is provided for the differentiated signal of the input to pick-off zero-
crossing timing of the signal, which is insensitive to pulse-hight. The output signal

is a logical AND from these two discriminators.

tant fraction discriminat
The other way for pulse-height insensitive decision circuit is to use an idea of
constant fraction discriminator. The output logic signal has a timing edge at a
certain fraction of the peaking time of the input signal. This circuit is superior
than the zero-crossing discriminator, because we can set the fraction where the
signal’s rise time is maximum. The jitter due to electronic/electric noise could be

optimized with use of the constant fraction discriminator.

23

Schmitt trigger circuit The Schmitt trigger circuit employs two threshold levels;

one is for low to high transition of decision circuit, another is for high to low
transition. Usually the former threshold is chosen as higher than the latter one,
which increases noise immunity of the decision circuit. The circuit is commonly

used for a repeater capability for long distance digital signal transmission.

4,2. TIME INTERVAL MEASUREMENT

We have two ways of time interval measurement: one is in fully digital, and

another is in analog way.

Digital implementation
Interval counter:
The number of pulse between a START and a STOP pulse are directly counted

with incorporation of a high frequency clock generator and a high speed counter

integrated circuit. The technical limitation for measurement resolution is around
10 nsec.

Shift register:

The input signal ( START ) is shifted-in to a shift register chain for each clock
leading edge. The location of the START signal at the timing of STOP signal
gives timing interval information. The shift register could be operated with a
clock frequency of 1 GHz.

Gate delay with memory (Time-Memory-Cell):

A reference signal is generated for each predetermined time interval to propagate
it through a delay element chain. A coincidence of the START and the tap signal
from the delay element chain gives timing information. This idea is quite adequate
for implementation with CMOS VLSI technology. The reference clock frequency
is not more than 30 or 40 MHz. The technical limitation for the measurement

resolution is around 0.5 nsec.

Analog implementation

The analog circuit to measure time interval is base on the principle of Time-io-
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Amplitude converter ( TAC ). A constant current source is routed to a capacitor
during the interval between START and STOP. The voltage appeared at the ca-
pacitor terminal is proportional to the timing interval. The technical limitation

for the measurement resolution is around 23 psec.

4.3. CHARGE MEASUREMENT

Current splitter A current splitter circuit is employed for a wide range charge
integrator system. The circuit is essentially a common base transistor array. The
voltage appeared at the emitter node is amplified and fed to the base node. With
this mechanism the input impedance of the emitter node could be as low as 1 flor

less. The transistors shares equal fraction of the input current.

There are two ways of charge measurement one is to use a charge integrator,
and another is to use a peak hold circuit together with an appropriate shaping
amplifier. The charge integrator circuit accumulates input charge for a certain
gated interval. The technical limitation for the minimum gate width is around 20
nsec. The maximum charge which could be measured with resonable measurement
accuracy is called dynamic range. The linearity of the charge measurement system
is characterized by integral non-linearity and also by differential linearity. The
integral non-linearity is a measure of the maximum deviation from an ideal linear
response over the entire region of the dynamic range. The differential non-linearity
is a measure of the local monotony. The output offset for null input signal is called
pedestal level. The ideas about hold-settling time and droop are specific for the
peak hold circuit. The peak hold circuit can not catch a very fast signal with
reasonable accuracy. The technical limitation about the peaking time of the input

signal is about 50 nsec.

Wave form sampling

The most versatile way of analog signal measurement is due to wave form sampling,
which is commonly used for a digitizing oscilloscope. Some techical words used for

the wave form sampling are listed below.
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Sampling theorem:

The theorem says that the analog signals whose maximum frequency are less than
half of the sampling frequency could be reconstruct very precisely.

Aliasing noise:

The higher frequency component than 50 % of the sampling frequency generates
a fake signal in the lower frequency region; this illusion of reconstructed signal is
called aliasing noise.

Aperture jitter:

The jitter associated with sampling interval deteriorates measurement accuracy.
Aperture delay time:

The effective sampling timing might be delayed from the nominal sampling timing,
which deteriorates phase measurement accuracy of the input wave.

Feed-through:

The wave form sampling system is driven by a large swing logic signal; the inter-

ference through the analog switch is called clock feed-through.

5. Noise characteristics of electronic devices
5.1. SOURCE OF ELECTRONIC NOISE

The electronic noise could be subdivided into three parts due to their generation

mechanism, i.e. shot noise, thermal noise, and 1/f noise.

1. Shot noise: The power spectrum of the shot noise is characterized as:
2 2
i, =2q] A°/Hz (5.1)

The origin of the shot noise is explained in Appendix D.

2. Thermal noise: In terms of voltage generator, the thermal noise is written
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v: =4kTR V%/Hz (5.2)
The thermal noise could be presented as a current generator also:

=% A’/Hz (5.3)

The origin of the thermal noise is explained in Appendix E.

3. 1/f noise: 1/f noise is characterized as a voltage generator whose noise power

spectrum has 1/f characteristics:

K
2= % V2/Hz (5.4)

5.2. PULSE SHAPING

In the case of low input impedance amplifier, the noise sources are characterized

as a current generator:
=iy 2 (5.5)

in: parallel noise in A/VHz
vn: seTies noise in V/VHz
Z4: source impedance

The impulse response of the amplifier chain is A(t), whose Fourier transform is:
) == ] h(t)e 3 dt (5.6)
—00
The signal we use here is an impulse response for simplicity of discussion:
(e o]
i / g:6(t)e=3dt (5.7)
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The signal is evaluated as:

1 T Jwt
ﬂ_/ Ii(w)H (w)e! dw (5.8)

for low impedance amplifier. The noise power is evaluated as:

o0 B
/ I2|H(w)|*df — / 2 < n > (2B)"2df = 2¢* <2’;> (5.9)
—o0 =B

where g1/< n > /2B could be interpreted as the equivalent noise charge. With an
assumption that Z, is purely capacitive, i.e. Z, = 1/jwCp, and i2 and v? have no

frequency dependence:

o0} o0
enc® =2 / R(t)%dt/2 4 v2C% / B (t)%dt/2 (5.10)
—00 —00

where we have used formulae:

/ | H(w)[2df = / h()2dt (5.11)

and
/ W H(w)|*df = / B ()%t (5.12)

The noise analysis in terms of h(t) ( H(w) ) is called time domain analysis (
frequency domain analysis ). The time domain analysis could handle complicated

signal shapes which are quite tedious in the frequency domain analysis. Assuming
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a Jowest order shaping function:

R(t) = tLea:p(l — E_) (5.13)

m m

or equivalently:

the input equivalent noise charge is:

viC}

enc® = %(if,tm +-22)/2 (5.15)
v2
tn(opt) = iTnCD (5.16)
The signal to noise ratio is:
S = —2 (5.17)

Venc®

On the other hand for the high input impedance amplifier, the total noise is eval-

uated in terms of an effective voltage generator:
VZ=2%2 4 v} (5.18)

The signal is amplified with a voltage amplifier. The transfer function for the

analog chain is taken as:

Glw) = eCpjw

= fnG + i) 19

This transfer function can keep compatibility with the previous discussion. In the
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time domain that yields:

’

g(t) = Cph (1) (5.20)
The output noise power is:
JRACE (5.21)
—00
The output signal is:
1 o o]
2 / Z,1, ()G (w)e* dw (5.22)

These results give identical results either for low impedance amplifier chain or high
impedance amplifier chain. The last discussion is about 1/f noise:

In terms of I2 the 1/f noise is :
I}y = 27CHKyypw (5.23)

The contribution to the electronics noise is:

/Ilz/le(w)szf = C%Kl/fe2/2 (5.24)
0

which gives a value independent of t;,. This is a specific characteristics of 1/f noise.
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6. Fast amplifier system

6.1. LAPLACE TRANSFORMATION

oo
H(s) = / h(t)e~tdi (6.1)
0
If we take:
M) = St/ (6.2)
tn
its Laplace transform is:
1
H(s)=—— "~ (6.3)

The inverse-Laplace transformation:

1 o+jco

€ €
T T, L S w—
(®) 275 tm (84 1/tm)2

o—j00

H

3 (6.4)

gives a correct answer for A(t).

6.2. POLE/ZERO CANCELLATION

The transfer function to get pole-zero cancellation is:

14 tys f—f- (5 5)
1+tgst, !
where
s>ty (6.6)
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6.3. COMMON BASE AMPLIFIER

Input impedance The input node of the common base amplifier is at the emitter

of the base grounded transistor, whose input impedance is:

Lin = — (6.7)

Noige characteristics Because this amplifier is an open-loop amplifier, the noise

performance is inferior to the common emitter amplifier configuration.

Amplifier tail The common base amplifier is easy to be affected by a stray capaci-
tance at the high impedance gain node, which is an origin of the so-called amplifier
tail. This tail could be compensated for with a scheme of pole-zero cancellation.

A SPICE deck of the common base amplifier is shown below:

EXAMPLE-7

MODEL M25CXXXX NPN
QQ11 4 0 5 M2SCXXXX
QQI0 2 1 3 M2SCXXXX
QQ9 24 1 M2SCXXXX
VA 70 PWL (0. 0. 5.E-8 0. 5.1E-8 -2.E-2)
RRS 4 2 10K

RR731 720

RRS6 6 3 10K

RR5 6 5 10K

VV4 2012

VV306 12

CC2571P

.TEMP 27

.OP

.TRAN 1.E-8 2.E-7 0

END
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The base of the input transistor 11 is grounded. Transistors Q@10 and QQ9 are

configured as a Darlington pair. The circnit schematic is shown in Figure 7.

6.4. COMMON EMITTER AMPLIFIER

Input impedance The input impedance of the common emitter amplifier is:

Ry

i = ——
14+ G(jw)

(6.8)

Miller capacitance The effect of Miller capacitance is inherent for the high open-

loop gain amplifier unless a cascode configuration is taken: The input impedance
of the common emitter transistor without an aid of a cascode transistor is:
1+ wCpcRy

Din = = 6.9
JwCpe(l + gmityL) (6.9)

The real input capacitance Cp¢ is magnified by a factor of open-loop gain:

Cin. & ngLCBC (610)

The high impedance collector load is the direct reason of large Miller capacitance.
The cascode configuration has a lower collector load; the collector load of the input
transistor is an emitier impedance of the cascode stage transistor.

A SPICE deck of the most primitive common emitter amplifier is shown below:

EXAMPLE 8

MODEL M25CXXXX NPN

QQ9 1 4 0 M2SCXXXX

QQ8 21 3 M2SCXXXX

VA 50 PWL ( 0. 0. 5.E-8 0. 5.1E-8 -2.E-2 )
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RR71 245K

RR6 0 3 720

RR5 4 3 20K
Vv4i206
CC3451P
CC2430.1P
TEMP 27

.OP

.TRAN 1.E-8 2E70
.END

The emitter of the input transistor Q@9 is grounded. The feed back element is
RR5. The circuit schematic is shown in Figure 8. The next SPICE deck of the

common emitter amplifier has a cascode transistor:

EXAMPLE-9

MODEL M2SCXXXX NPN
QQ13 3 2 7 M25CXXXX
QQ12 7 6 0 M2SCXXXX
QQl11 4 3 5 M2SCXXXX
QQ10 2 2 1 M2SCXXXX
QQ9 110 M2SCXXXX
VA 80 PWL (0. 0. 5.E-80. 5.1E-8 -2.E-2)
RRS8 2 4 4.5K

RR7 3 4 45K

RR6 0 5 720

RR5 6 5 20K

VV4406

CC3 6 5 0.1P

CC2 6 8 1P
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.TEMP 27

.OP

.TRAN 1.LE-8 2.E-70
.END

Q@13 is the cascode transistor, which is located just above the input transistor
QR12. QQ9 and QQ10 are incorporated to provide bias voltage for the cascode

transistor. The circuit schematic is shown in Figure 9.

6.5. 1/t TAIL AND ITS CANCELLATION

The signal from the gas ionization chamber with thin wire electrode is:

iy = ﬁt—o (6.11)
where g is:
fo= Zigln‘(l:-c/r,,) (5.12)
tp 1s:
g = 2;11*13., (6.13)

It is common to approxirate the 1/t tail with a few exponential time constant.
0.79¢4/1-8% 1 0.185¢™4/135% 1 (024 ~*/113% (6.14)

The origin of the 1/t tail is explained in Appendix F.
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6.6. AMPLIFIER CHAIN

It is usual to use three pole approximation:

1.26 2.50 2.71
1 = 1pt 6.15
is(0) = #0to(T g0y T T3 13500s T 1 113005 (8.d9)
The pole-zero cancellation stage compensates for the second pole:
1+ 13.5tp8 tm
= 6.16
Php= T, 1356 (6-16)

Neglecting the contribution of the third term of i,, the signal response with the

1/t tail cancellation is approximately:

; = dets 6.17
ipz(s) T+ sim (6.17)
where
tm
0

The preamplifier is assumed to have a single pole:

R,
1+ tp8 (6:19)

The pole-zero cancellation for the amplifier tail is:

1+ sty tm
= — 6.20
Pl = e et s, (620}
The total response of the signal processing chain is:
Qefifly _ etm Lefrfly t 14/t (6.21)
tp (14 stm)? 1 tm
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6.7. NOISE CHARACTERISTICS

The possible noise source of the common emitter amplifier is characterized as

follows:
Ic  4kT
2 = 2(Ip+-2= + 6.22
o(Ip TR ) (6.22)
v = 4kT(ryy + /2 + R.) (6.23)

Ip: detector leakage current

BF: forward current gain of the input transistor

Jc: collector current of the input transistor

R;: feed-back resistor of the amplifier

ryy - base spreading resistance

re: inverse of transconductance of the input transistor

R,: series resistance additionally attached to the input of the amplifier

6.8. TIMING RESOLUTION

The electronic nois affects on the timing resolution of the decision circuit. The

timing jitter due to Vaoise is:

Vnoiac
b = qri (6.24)

It is apparent that the steep wave form gives better timing resolution. In practice

in the case of lowest order shaping:

5t = 222 Ji2ts, 1 020t (6.25)

where the threshold level of the decision circuit is zero, and @, is the input impulse

signal charge.
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6.9. COUNTING RATE DUE TO ELECTRONIC NOISE

It looks something wrong about the previous discussion. What is missing is
the counting rate of the decision circuit. An ideal timing pick-off circuit should
have higher threshold and keep reasonable timing resolution. The counting rate of
the decision circuit is:

fa = iBe— u/ Vi (6.26)
V3
where B is the noise frequency bandwidth, Vry the threshold voltage, and Vy the

r.m.s. voltage of noise.

Higher order shaping Applying a higher order shaping:

h(t) = (el (6.2)

tm

the maximum of dV/dt appears at finite value of amplitude. With an aid of con-
stant fraction decision circuit we can have lower hit frequency due to noise without
deteriorating timing resolution. In practice the most steep slope appears at the

fraction of:

(1= ynevm (6.28)

7. Low noise Amplifier system
7.1. CHARGE SENSITIVE AMPLIFIER

Circuit configuration A circuit schematic of a typical charge sensitive amplifier is

shown in "EXAMPLE4".
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Signal chain
Signal source:
1= Q,S(t)
Preamplifier:
Ry
1+ sCsRy

Pole-zero canceller:
1+ SCfRf tm

14 st W
Integrator:
e
1+ stm
Total response:
Qs elm Qs t 141,

Cr(T+stn)?  Crtm'

El N

The electronic noise charge of the JFET-input charge sensitive amplifier is:

2 2
2 €t 24kT (Cp+ Cg) AKT  4kT
nc 4(3 o o + (2¢(Ip + Ie) + Rr + P Ym))/2

where

9m: transconductance of the input FET
Cp: detector capacitance

Cg: gate capacitance of the input FET
Ip: detector leakage current

I: gate leakage current of the input FET
Rp: feed back resistor of the amplifier
Rp: detector bias resistor
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(7.1)

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

7.2. HIGH CAPACITANCE DETECTOR

There are two techniques which are inherent for operation of the high capaci-

tance detector.

Capacitance matching Reminding that the transconductance of the JFET is:

w
Grii = ngT(Vcs —Vro) (7.7)

it is apparent that the transconductance is proportional to the total gate capaci-

tance Cg, i.e. WLC,. The first term of eq. (7.6) is proportional to:

(Cp+Ce)? _

o Cp(v/Cp/Cc +/Ca/Cp)* (7.8)

which gives minimmm when Cp = Cg.

Transformer coupling When the source capacitance is very large and it is very

hard to reach the capacitance matching condition, the way to solve the problem is

to use a transformer. The I/V relations of the lossless transformer are:

nlh = 722]2 (79)

Wi = Vol (7.10)

Then we have a impedance conversion relation:

Zy Iy
i S . 11
ny ma (7.12)

The source impedance could be increase by a factor of n? while the signal is de-
creased by a factor of n™!, where n = ny/ny, and Z; = 1/jwCp. We can improve
the S/N ratio by a factor of n. The capacitance matching condition is:

Cp

n2

~Ca (1.12)

40




7.3. COLD TERMINATION

The detectors which have tranmission characteristics may be terminated with
their poper impedance at the preamlifier end. A resistor is a bad practice for signal
termination, because resistive elernents are source of electronic noise. The cold
termination is an idea to terminate the detector signal with no resistive elernents.
Assuming an effective impedance Zj, at the high impedance node of the amplifier

( node 2 in the example-4 ), the input impedance is evaluated as:

Z
Zin = gmgL (7.13)

where Z; is the impedance of the feed back elements, g is the transconductance
of the input transistor. Locating a few ten’s of pF of capacitor ( Cp ) for Zy, and
assuming that the feed back impedance is approximated as capacitive ( Cy ), the
input impedance is purely resistive:

CL

Zin =
gmCy

(7.14)
as far as low frequency characteristics are concerned.

7.4. SUBSIDIARY EFFECTS

pile-up:

The output of the shaping amplifier has commonly slow tail. When the input signal
rate is very high, two or more signals have a chance to pile up, which potentially
deteriorates measurement resolution. baseline-restorer:

It is quite common to have an undershoot in an AC coupled system with unipolar
shaping. The base line restorer suppresses undershoot swing of voltage. The
bipolar shaping is free from base-line shift under an ideal condition. ballistic deficit:
Because the signal from radiation detector takes a finite period instead of delta
umpulse, a signal processing system with short integration time uses only a fraction
of the detector generated charge. The ballistic deficit is a measure of the inefficiency

of signal integration.
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8. Silicon strip detector

The silicon strip detector is reverse biased p-i-n diode, whose operational be-
haviors are characterized in terms of the depletion property of the diode structure.

The detector thickness is 300 um with n-type bulk material, whose resistivity is 4
to 6 k12 cm.

8.1, DEPLETION PROPERTY

Assuming a step junction, the potential filed in the depletion region is:

N
b= T2 2+ 1y2) (8.1)
g = i’%’(—zz/z +Inz) (8.2)

where

¢_: potential in the p-type region

#+: potential in the n-type region

e: dielectric constant of silicon

N4: acceptor concentration in the p-type material

Np: donor concentration in the n-type material

lp: width of the depletion region developed in the p-type region

I,: width of the depletion region developed in the n-type region

z: coordinate measured from p-side to n-side, whose origin is located at the junction
boundary.

These solutions are from Poisson equations:

d&’¢_  qNa '
dz? €€, (8.3)
o+ gNp
dz? T e, (8.4)



The electric filed is given as:

N

Eo=4 (10 (8.5)
€€p
N

By =2 241, (8.6)
€€Q

The electric field should be continuous at = = 0:

E+(0) = E_(0) NCY

Nal, = Nply (8.8)
The electric field shows its maximum at = = 0:

N, N,
By se B, = 0 (8.9)

€€p €€

The potential difference across the diode is:

ba=1n)—dz=—L)=Vu—V (8.10)

where Vj; i3 a build-in potential. If we assume:

I > 1, (8.11)

and also
Ns>» Np (8.12)
for example I, = 300 ym , and I, = 1 pm , the potential drop across the p-
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implantation is negligible. Then we have:

where p is the bulk resistance of silicon:

4 is the mobility of electron carrier, and Ip is the depletion width:

8.2. JUNCTION CAPACITANCE

The junction capacitance is:

where

_ 1
£ queNp

Id:Ip'f'In

c=2 Fim?

Cjo

¢= V1=V/V

2e€q
Cio=+/——
TN pueVii
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(8.13)

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)




8.3. LEAKAGE CURRENT
The leakage current of the p-i-n diode under the reverse bias condition is:

l i
Ijen = g1y Afm? (8.19)
2710

where 7g is the effective carrier life time. In Appendix B, we have shown that the

leakage current is well described by the SHR model.

8.4. CHARGE TRANSPORT

Drift

The carrier velocity is:

Ve,h = Pc,hE (820)

where ., and g are mobilities of electron and hole, E' is the electric field.

Diffusi
The diffusion equation is:

on 8%n

— =Dz 8.21

o~ Do (821)
where

Assuming a Gaussian distribution which is centered at x=0:

10 ezp( L ) (8.23)
n= exp(— ;
Varo(t) T\ 20(1)2
We obtain an approximate solution:
a(t) = V2Dt (8.24)

45

Hall coefficient
The magnetic field affects on the drift property of carrier; this is from the Lorentz

force:

tan(9) = pgB (8.25)
where pg is a Hall mobility, and B is the strength of magnetic field in Tesla.
8.5. SIGNAL GENERATION

An infinitesimal electrode is introduced in the sensitive volume of the detector,
where we locate signal charge g,. The readout electrode is indexed as 1, and the

hypothetical electrode is indexed as 2. When ¢,=0 there stands:

Q1 =CuW + C2Va (8.26)

0=CauVi+ CnVs (8.27)

where Cy; is the capacitance matrix elements between the electrodes. When non-

zero g, is located:

Q1+ Q= Cu(Vi+AW)+ Ca(Va + AV2) (8.28)

gs = Cn(Vi + A1) + Co(Va + AVR) (8.29)
Using symmetric property of the capacitance matrix:

gs — C2AV2 Q@ -CuldW

AV; = AV, (8.30)
Neglecting the second order infinitesimal term:
AV,
Q= qu—VI (8.31)
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When g, moves towards the readout electrode, signal current is induced on there:

dQ d dVy dz

=g = q’E(d—Vl) g (8.32)
= —q,ggl—v (8.33)
dE 1
12 . Z2
g = /idt = /——’da: = q—’(xg —z7) (8.35)
lq la
‘1 1

The ionization charge which is generated in the vicinity of the readout electrode
and moves towards the readout electrode does contribute negligible part for signal

generation.

9. VLSI electrounics for silicon strip detector

In order to meet with narrow pitch of the silicon-micro strip detector, an ad-

vanced MOS technology is a mandatory part for electronic system design.

9.1. CMOS AMPLIFIER

The CMOS amplifier chain for the silicon strip detector consists of a large
input FET, cascode transistor, cascode load, feed back capacitor, reset switch, and

sample hold circuits. They are described below separately.

Large CMOS input FET

In order to get high value of g, We use a very large transistor with large W/L

aspect ratio.
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Cascode transistor
The Miller capacitance is approximately:

m2

Cy = CG‘Dgﬂ (9.1)

where g1 is the transconductance of the input transistor, and gmz is that of the
cascode tramsistor. Without the cascode transistor gmy might be replace by an

amplifier’s internal load, that is larger than gma by 107 to 103.

Cascode Joad

The output impedance of the cascode transistor could be much higher than the

single transistor:

Zowt = rd1 + rd> + rdird2gm2 (9.2)

where rdy and rd; are drain output impedance. In order to drive this result, it

should be note that there stands :

. Vg
14 = Vgs9m + 1__; (9.3)

Reset switch The restoration mechanism for the amplifier is due to an analog
switch instead of a large feedback resistance for the JFET charge amplifier.

Sample and hold

The sample and hold circuit consists of an analog switch, a capacitor, and a high
imput impedancce buffer. The analog output of the preamplifier is sampled and

held at the capacitor for each predetermined time step.

A SPICE deck of the cascode CMOS amplifier is shown below:

EXAMPLE-10
.MODEL MPMOS PMOS VTO=-0.88 TOX=26N LEVEL=3...
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.MODEL MNMOS NMOS VT0=0.88 TOX=26N LEVEL=3...

MQ66 38 91 1 MPMOS L=1.4U W=9U
MQ65 11 38 1 1 MPMOS L=1.4U W=40U
MQ64 11 1011 MPMOS I.=1.4U W=40U
MQ63 10 91 1 MPMOS L=1.4U W=40U
MQ62 10 11 1 1 MPMOS L=1.4U W=40U
MQ61 38 9 0 0 MNMOS L=1.2U W=3.6U
MQ60 37 38 0 0 MNMOS L=1.2U0 W=32U
MQ59 11 10 37 0 MNMOS L=1.2U W=32U
MQ58 10 11 36 0 MNMOS L=1.2U W=32U
MQ57 36 9 0 0 MNMOS L=1.2U W=32U

*

1155 2 0 70U

YV34105

RR53 27 30 10K

RR52 26 31 10K

RR51 28 5 2K

*

MQ50 2 2 33 3 MPMOS L=1.4U W=100U
MQ49 33 35 3 3 MPMOS L=14U W=100U
MQ48 6 2 35 3 MPMOS L=1.4U W=100U
MQ47 35 353 3 MPMOS L=1.4U W=100U
MQ46 5 6 34 3 MPMOS L=4.2U W=100U
MQ45 34 35 3 3 MPMOS L=4.2U W=100U
MQ44 31 4 0 0 MNMOS L=1.2U W=40U
MQ43 3 30 31 0 MNMOS L=1.2U0 W=40U
MQ42 1 6 4 0 MNMOS L=3.6U W=40U
MQ41 6 6 32 0 MNMOS L=3.6U W=40U
MQ40 4 4 0 0 MNMOS L=1.2U0 W=40U
MQ39 32 4 0 0 MNMOS L=1.2U W=40U
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MQ38 29 26 0 0 MNMOS L=1.2U W=40U
MQ37 5 6 29 0 MNMOS L=3.6U W=40U
MQ36 27 4 0 0 MNMOS L=1.2U W=40U
MQ35 3 5 27 0 MNMOS L=1.2U W=40U
*

CC34501P

CC33401P

CC323501P

CC31 30 00.3P

CC30 26 28 0.2P

CC29 26 27 1P

*

CC27701P

RR26 13 7 2K

RR25 12 24 10K

RR24 17 14 10K

*

MQ23 24 10 22 8 MPMOS L=2U W=3.6U
MQ22 15 10 17 8 MPMOS L=2U W=3.6U
MQ21 21 10 8 8 MPMOS L=2U W=20U
MQ20 25 5 8 8 MPMOS L=1.4U W=100U
MQ19 7 6 25 8 MPMOS L=4.2U0 W=100U
MQ18 19 10 8 8 MPMOS L=2U W=20U
MQ17 22 11 20 0 MNMOS L=2U W=20U
MQ16 20 4 0 0 MNMOS L=1.2U0 W=20U
MQ15 7 6 23 0 MNMOS L=3.6U W=40U
MQ14 23 12 0 0 MNMOS L=2U W=1200U
MQ13 01 16 0 MNMOS L=2U W=40U
MQ12 15 11 17 0 MNMOS L=2U W=3.6U
MQI11 18 4 0 0 MNMOS L=1.2U W=20U
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MQ10 17 11 18 0 MNMOS L=2U W=20U
MQ919 7 17 0 MNMOS L=1.2U W=20U

MQ8 21 14 22 0 MNMOS L=1.2U W=20U
MQ7 24 11 22 0 MNMOS L=2U W=3.6U

*

CC6 12 16 0.2P

CC51215 1P

CC414 00.3P

CC3 12 13 0.2P

IF012 AC 1. 0.

*

VB9 05.

VE180.

VJ130.

*

.TEMP

.OpP

AC DEC 17 1000 1.E+9

.END

The input n-channel MOS FET is MQ14. The bias current for this transistor is
chosen as 70 uA. The cascode transistor M Q15 is located located above MQ14.
The cascode load consists of p-MOS transistors M Q19 and MQ20. The feed back
element is a 0.2 pF capacitor ( CC3 ). CC6 is provided for test pulse injection.
The SPICE deck is organized to study the input impedance under the "RESET”
condition. The SPICE deck includes subsidiary digital circuit to control the reset
circuit of the amplifier. The schematic appeared in Figure 10 shows only the

amplifier core.
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9.2. DOUBLE CORRELATED SAMPLING AND NOISE CHARACTERISTICS

The preamplifier gives step-like response for an impulse charge. The amount of

charge could be measured if we know the output voltage "before” and "after” the

signal arrival. The scheme is a double correlated sampling. The impulse response

of the effective signal filtering function is as follows:

ht)=(1—e )1 —e/P) fort<r

h(t) = el fort>r

where
tg: rise time of the amplifier

7: sampling interval

9.3. NOISE CHARACTERISTICS
The equivalent noise charge is :
i 2 va 2 f1'11\2
enc? = g/h(t) dt+ -+(Cp + Cq) /h (t)%dt

The first integral gives:

T — 2to(1 — ezp(—7/t0)) + (to/2)(1 — ezp(—27/t0))

Yy +t0/2
The second integral gives:
1
toA
where
A=1—e T/t
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(9.4)

(9.5)

(9.6)

(9.7)

(9.8)

(9.9)
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In the limit of
7>t (9.10)
the equivalent noise charge is:
N 2 1
enc? = %‘T-{- jLf;—'(CDﬁ-C’(;)Zt‘ (9.11)
2 2 0

The noise behavior is quite different from the case of time continuous shaping
scheme. The parallel noise is approximately proportional to 7, while the series

noise is inversely proportional to 2.

10. Summary

The circuit design is enhanced with aid of SPICE simulation. Stability analysis
is an essential part of circuit design. Noise could be estimated with SPICE. The
analytical forrnula will help to understand the origin of noise and its optimization.
Integrated circuit technology was introduced in the area of high energy physics
to meet with the narrow pitch readout of the Silicon micro-vertex detector. The
technology is proliferated to every area of data acquisition system including both
analog and digital. This text is just an entrance to wide spread electronics tech-
nology for the high energy physics experiment. We would like to encourage you to

consult on the reference literatures for further study.
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APPENDIX A

Continuity equation

on 1.
= ;den - Us (A1)
Op 1.
3= -—Edvap -, (A.2)
Carrier transport equation
Jon = —qu.nVo, (A.3)
Jp = —quipVép (A.4)

where ¢, and ¢, are quasi Fermi potential for electrons and holes ( Boltzmann

approximation ):

$n =19 — %Tln% (A.5)
¢p=1+ Eznl (A.6)
q iy

Poisson equation 1 is determined from charge distribution:

e Vi = —q(p—n+ Np— Ny (A.T)

Schockley-Read-Hall recombination The major recombination mechanism is based

on SHR and Auger recombination. The SHR recombination is:

o pm — 5}
SHR = 7 (o + niezp((Br — B)/RT) + 7a(p + riezp((E: — EQ)[KT))

(A.8)

where

7p: carrier life time of hole
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Tn: carrier life time of electron

Ey: energy level of the trap

Ej: center of the band gap

You should note again that pn = n? in the "thermal equilibdum”. Usyg has a

finite value for "steady state” , but zero for ”thermal equilibrium”,

APPENDIX B

Generation-recombination current in the depletion region In the depletion region

there stands:

2,n KL ng (B.l)

When the trap band is located at the center of the band gap (ie. E; = E; ),

Uskr is maximized. When we take these approximation, there stands:

n:
U =— ! B.2
SER =~ (B.2)
Assuming a new parameter as an average of 7, and Tp, We get:
U LI S . B.3
= —— = —qg— e
SHR 90 gen 2‘?7_0 daJ ( L )
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APPENDIX C

Built-in potential
The built-in potential comes from balance between the diffusion and the drift due

to electric field:

dv

dn
- _ = 1
eD-—qun—o-=0 (C.1)
Integrating the equation, we get:
Iy d
/Wiﬁ=%—% (C.2)
ndz

When z; is in the n-type region, and z; is in the p-type region, ny = Np and
ny, = n?/NA:
kT NuN
Vi = V2 = Vyin(mi/nz) = = ~in ALD (C.3)

s

This intrinsic potential difference is called built-in potential. In this discussion we

have assumed 100% ionization of donor and/or acceptor.

APPENDIX D

Shot poise
The electronic current could be expressed as a series of delta like spike due to

discrete nature of electronic charge. The Fourier transform for a single impulse

charge is:
q8(t) — f(w)=gq (D.1)
The power for the frequency bandwidth of B is:

B
vvzjﬁﬂ@ﬁa=2f3 (D2)

—-B
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Assuming the average current is I, =< n > g, the noise power is
<n>W=2¢(<n>q)B—il=2IB (D.3)

where B is the frequency bandwidth.

APPENDIX E

Thermal noise

Assuming that the resistor R is connected to a transmission line with Zo = R, the
noise power transmitted via the transmission line is:

Pn= 2(%kT)B (E.1)

where the factor of 2 comes from two-component nature of electro-magnetic wave.
In terms of resistance R and rms noise voltage v, due to resistance R, the power

fed into the transmission line is:

2
Uﬂ
Po= % — v2 = 4kTRB (E.2)
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APPENDIX F

Signal Generation of cylindrical ionization chamber Assuming a coaxial geometry

for the ionization chamber, the potential is:

_Valn(r/re)

¢= In(re/ra)

(F.1)
where
Vo: voltage on the inner electrode
rc: radius of the outer electrode
rq: 1adius of the inner electrode
The outer electrode is tied to ground, and signals are detected on the inner elec-
trode. The electric field is a derivative of the potential:
d¢ Vo

b= Tdr rin(re/ra) (F-2)

The current induced on the inner electrode is:

dE

1= QJJ—V;U (F.3)

where v is the velocity of the positive ion moving toward the outer electrode, which

is:

v = y+E (F4)
p+: mobility for the positive ion
With these equations we get:
. Vou+
T i n(re ) (F.5)

In order to get a time-dependent development of the current signal we evaluate the
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relation between time (¢) and the radial location of the positive ion (r):

- /ldr: In(re/ra) L2 _ 2y
v pVo 2

which could be reduced to:

1+41t/tg=r2/)r2

where
2

r T
b4 =—“—= ¢ 1 c/Ta
0= BB aag vyl

E,: electric field at the surface of the inner electrode

Eventually we get 1/t nature of the current signal:

lo

BT
where

PR 1) (7
ra(in(re/ra))?
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(F.7)

(F.8)

(F.9)

(F.10)

TABLE CAPTIONS

: Physics constants used in this lecture
: SPICE parameters for Diode

: SPICE parameters for the BJT

: SPICE parameters for MOS transistor

: SPICE parameters for JFET




Table 1 Physics parameters used in this lecture

Table 2 SPICE parameters for Diode

Properties unit
Permittivity of vacuum ( ¢ ) F/cm 8.854E-14
Dielectric constant of silicon 11.9
Dielectric constant of silicon dioxide 3.9
Thermal voltage ( kT'/q ) v 0.0259
Intrinsic carrier concentration( ;) | em™3 1.45E+410
Energy gap at 300K ( £¢ ) eV 1.12
Mobility ( pe, pa ) cm?/Vsec| 1350(electron) 480(hole)
Hall mobility ( g ) Tt 0.15 (electron) 0.035 (hole)
Diffusion constant ( D ) cm?/sec 35 (electron) 12 (hole)
Break-down voltage of Silicon V/pm ~ 30
Energy to generate e/h pair eV 3.6

Symbol | Name Parameter name Units | Default | Example
1, 1S Saturation Current A |1.0E-14| 1.0E-14
(o RS Ohmic resistance 0 0 10
n N Emission coefficient 1 1.0

Cio CJO | Zero-bias depletion capacitance| F 0 2.0E-12
o Vi Built-in potential 1 0.8
™m M Grading coefficient 0.5 0.5

Tt TT Transit time s 0 1.0E-10
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Table 3 SPICE parameters for BJT

Table 4 SPICE parameter for MOS

Symbol | Name Parameter name Units | Default | Example | | Symbol | Name Parameter name Units | Default | Example
I I8 Saturation current A | 1.0E-16] 1.0E-15 Vro VTO Threshold voltage \Y% .0 1.0
Br | BF Forward current gain 100 | 100 8 KP Transconductance AJVE | 2.0E5| 31ES5
Pr | BR Reverse current gain 1 1 v | GAMMA Bulk threshold parameter viz | oo 0.37
T} RB Base resistance 0 0 100 & (2¢4) PHI Surface potential v 0.6 0.65
e RC Collector resistance Q 0 50 A LAMDA Channel length modulation s 0. 0.02
Te RE Emitter resistance N 0 1 ™D RD Drain resistance Q 0. 1.

Cijeo | CIE BE zero-bias depletion capacitance F 0 1.0E-12 rs RS Source resistance Y 0. 1.

e | VIE BE built-in potential vV | 015 | 08 Csp | CBD Zero-bias B-D junction capacitance F 0. | 2.0E-14
me | MJE BE junction grading factor 033 | 05 Css | ©BS Zero-bias B-S junction capacitance F 0. | 20E14
Ciw | CIC BC zero-bias depletion capacitance 0 0.5E-12 I, IS Bulk junction saturation current A 1.0E-14 | 1.0E-15

ge vic BC built-in potential v 0.75 0.7 B PB Bulk junction potential v 0.8 0.87
m. [ MIC BC junction grading factor 0.33 0.5 Ceso | CGSO Gate-source overlap capacitance F/m 0. 4.0E-11
Cjso | CJS |Zero-bias collector-substrate capacitance 0 3.0E-12 Cepo { CGDO Gate-drain overlap capacitance F/m 0. 4.0E-11
&5 VIS | Substrate junction built-in potential 0.75 0.6 Cero | CGBO Gate-bulk overlap capacitance F/m 0. 2.0E-19

TF TF Forward transit time s 0 1.0E-10 TSH RSH Drain/source diffusion sheet resistance /sq 0. 10.
TR TR Reverse transit time s 0 1.0E-8 Cy CJ Zero-bias bulk junction bottom capacitance | F/m? 0. 2.0E-4

my MJ Bulk junction bottom grading coefficient 0.5 0.5
Cisw | CISW |Zero-bias bulk junction sidewall capacitance| F/m? 0. 1.0E-9

mysw | MISW | Bulk junction sidewall grading coefficient 0.33

Js JS Bulk junction saturation current A/m? - 1.0E-8
Loz TOX Oxide thickness m 1.0E-7 | 1.OE-7
g NSUB Substrate doping 1/em? 0. 4.0E15
X X1 Metallurgical junction depth m 0. 1.0E-6
Lp LD Lateral diffusion m 0. 0.8E-6

Ko Uo | Surface mobility em?/Vs| 600 700
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Table 4 SPICE parameter for JFET

Symbol | Name Parameter name Units | Default | Example
Vro VTO Threshold voltage V -2.0 -2.0
B BETA Transconductance A/V?| 1.0E-4| 1.0E-3
A LAMDA| Channel length modulation V! 0 1.0E-4
1)) RD Drain resistance 0 0 100.
rs RS Source resistance 0. 100.
Cas CGS | GS zero-bias depletion capacitance| F 0 5.0E-12
Cep CGD | GD zero-bias depletion capacitance ¥ 0 1.0E-12
¢s PB Gate junction potential A% 1.0 0.6
1, IS Gate junction saturation current A | 1.0E-14| 1.0E-14
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1) Example-1: Diode operation
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2) Example-2: NIM-to-ECL and ECL-to-NIM converter
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3) Example-3: CMOS NAND circuit
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4) Example-4: Charge amplifier with n-channel JFET
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5) Example-5: A follower circuit with low impedance cable driving capability
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6) Example-6: Unity-gain buffer with current mirror and temperature cornpen-
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7) Example-7: Common base amplifier 8) Example-8: Common emitter amplifier
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9) Example-9: Common emitter amplifier with cascode transistor
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10) Example-10: CMOS charge amplifier
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