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Abstract;

The first iteration stage of custom monolithic front-end electronics for cathode strip
chambers supposed to be used in muon dectors of GEM experiment is reported. Two
version of IC were made. The first one uses a low noise microwave bipolar n-p-n
transistor at input, the second one uses p-type JFET. Each IC version contains two
channels consisted of a charge-sensitive preamplifier followed by a low shaper in signal
path and a fast shaper in a trigger path. A noise preformance of BJT version ENC = 1980e
+7e/pF has been achieved at peaking time 300 nsec and power dissipation 67 mW per
channel. The JFET version has ENC = 3300e + 20e/pF at peaking time 300 nsec and
power dissipation 150 mW. To achieve better ENC the JFET version should be modified
by increasing gain and improving capacitance matching.
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ABSTRACT

The first iteration stage of custom monolithic front-end elect-
ronics for cathode strip chambers supposed to be used in muon detectors
of GEM experiment is reperted. Two version of IC were-made. The first
one usec a low noise microwave bipolar n-p-n transistor at input, the
second one uses p-type JFET. Each IC version containg twc channels con-
sisted of a charge-sensitive preamplifier followed by a low shaper in *
signal path and a fast shaper in a trigger path. A noise performance of
BJT version ENC = 1980e + 7e/pF has been achieved at peaking time 300
ngec and power dissipation 67 mW per channel. The JFET version has ENC
= 3300e + 20e/pF at peaking time 300 nsec and power dissipation 150 mW.
To achieve better ENC the JFET version should be modified by increasing
gain and improving capacitance matching.
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LIST OF DESIGNATIONS

bipolar {junction!) transistor

cathode strip chamber

charge-sensitive preamplifier

fast shaper

slow shaper

series r, m. s. egquivalent noise charge component to be
dependent on BJT transconductance

series r. m. s. equivalent noise charge component to be
dependent on BJT base spread resistance

paraltel r. m. s. equivalent noise charge component to be
dependent on input current

series r. m. s. equivalent noise charge component to be
dependent on JFET transconductance

paraliel r. m. s. equivatent noise charge component ta be
dependent on detector leakage current

MOSFET flicker noise component

MOSFET bulk-resistance and component

MOSFET channel noise component

electron's charge

Jetector's capacitance

feedback capacitance

input capacitance of the head transistor

Boltzmann's constant

temperature

base spread resistance of BJT transistor
transcanductance

charge-to-voitage transform efficiency

open icop voltage gain

peaking time .

breakdown voltage of a collector-base junction of BJT
breakdown voltage of BJT base-emitter junction
breakdown collector-emitter voltage

Early's voltage

threshold voltage of JFETs and M8SFETs

drain-source voltage

fate-source voltage

down gate voitage

down gate-source voltage

drain current
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INTRODUCRION

This report presents first iteration resuits of GEM Muon Detec-
tor Cathode Strip Chamber Front-End Custom IC design being made in
Minsk, Republic of Belarus'. The Part 1. of this report is devoted to
ground of the choose of eleciric circuits and semiconductor technology °
of the 1Cs. Noise levels, speeds and power consumptions were analysed
in dependence on the circuit and technology parameters.

Two versions are chosen: the first one with an bipolar jun-
ction transistor (BJT) used as a head element of a charge-sensitive
preamplifier (CSP) and he second version with JFET at this place. The
amplifier structure circuitry is chosen to be an folded cascode, the
semiconductor technology to imlement the !C is selected to be combined
BJT-JFET. The results of Pspice simulations and breadboard modelling
are presented at the end of the part.

The second part presents the electronic component measurements
results for designed IC to characterize the potential abilities of the
electronic circuits and tecnology used. The monolithic capacitors, re-
sistors, microwave n-p-n BJTs, p-type JFET characteristics were tested,
Yoth static and dynamic. To inestigate the possibilities of CMDS tech-
neingy available in Minsk the test CMOS MOSFET structures were pro-
duzed. Thier test resuits are presented here too.

The designed !C characteristics of the two versions (BJT and
JFET CSP head itransistor version) were investigated. The dependecies
od ENC versus the head trapnsistor structure, current, peaking time Tp
and detector capacitance Cd were measured. The block-circuit of a
test bench to measure the IC noise characteristics both the measure-
ments resultes are presented here.

In the CONCLUSION part the inferences on the circuit structu-
res and characteristics are formulated.

Appendics contain the Pspice simulation protocoi.



_B_
1. GEM CSC FRONT-END IC DESIGN BASIS
1.1. The preamplifier/shaper IC specification

A structure and specification for CSC front-end preampiifier/
shaper IC to be designed in Minsk were accepted after discussion on
two meetings in Dubna-Minsk, April 27 - 30, 1982 and in Dubna, June
16 - 17, 19%92.

One channe! of IC was supposed to consist of a charge-sensi-
tive preamplifier (CSP) followed by two shapers: slow one (55) for sig-
nal path and fast (FS) one for trigger path. The circuit is shown on
Fig.1.0, and its parameters are listed in Table 1.1,

Trigger Path

Fast Timing out
Shaper |f—meoe———
(FS)

In
CsP

Readout Path

Slow Signal out
Shaper
{88) 1us

Fig.1.1. A Block-Circuit of Front-End IC Channel

Table 1.1
Eiectrical specifizations for GEM CSC Front-End Custom IC

Feadout Fath:

[nput Noise, r.m.s. e- 3000 1500 Cd=100pF, Tp=1.0us
Shaping time Tp, us 1.04/-0.2 1.0+/-0.2
Crosstalk, dB {-50 <-60
Conversion Gain, mV/fC S.0 10.0
Integral nonfinearity, % £0.5 <0.5 after correction
Maximum input charge, fC 200 400
Timing channel: must drive MVL407
Input threshold, fC 16 8 .
Time jitter, r.m.s ns <4 {2 for Qin=40fC
Time walk, ns {4 {2 2% - 10X threshold
Common '
Power Dissipation, m¥ <100 20
Package S0 Bch/pkg

Input protection yes against large positive inputs



1.2. Comparison of available semiconductor technologies

The possibility of the 1C implementation in different semicon-
ductor technology to be in our disposal (microwave bipoiar junction
transistors (BJT), CMDS and combined microwave BJT-JFET}. Different
charge-sensitive amplifier basic circuit structures were analysed to
be used for cathode strip chamber muon detectors: voltage amplifiers
/1/, curvent amplifiers 72/, amplifiers based on difference stage
/3, 4/ and folded-cascode structures /5 - 13/. To choose the type of
1¢ production technology the noise, speed and power characteristics
were thecoretically analised above all.

The opinion most wide spread in Jow noise IC literature is
that in accordance with signal source characteristics such as internal
resistance, capacitance and signal length JFET's and bipolar transis-
tors with optimized collector current are to be used preferably as an
input device.

MOSFET's are traditionally considered:

- to use special build-in static-electricity protection devices
which increase input currents {and naturally noises caused by them)
from level of 10E-15 A to 10E-12 A, which is comparable with JFET gate
tleakage current;

- to possess extremely large flicker-noise about 50 - 200
nV/Hz"1/2 for 10 Hz (for comparison JFET has & - 20 nW¥/Hz"1/2);

- to have practically unremovable drawback - time drift of
threshold current during electric load work at high temperature - which
iz explained by charge migration in gate oxide, changing MOSFET and
overall circuii regime.

However, low-noise low-power dissipation CMOS IC were reported
rzcently /10, 13, 14/, Their satisfactiory noise characteristics are be-
iieved to be explained by very good agreement with specific conditions
of their enviroment, Such IC's have the set of advantages:

- low power dissipation;

- possibility of high resistivity resistors prouction (1 MOm -
i GOmi by using common gate MOSFET's which allows all the optimal fil-
ter elements to be formed inside the chip without external discrete
hang-up elements.

Nevertheless, the most high speed shapers with peaking time
sbcut 5 - 50 nsec can be realised only in bipolar /15, 21/ or bipolar-
JFET (Bi-JFET) /6/ technology using bipelar microwave transistor as a
head element. The last seems to be more preferable hecause proposed GEM
muon detector front-end electronics architecture includes fast shapers.
The fast shaper's specificated parameters are estimated (see undermen-
tioned calculations) to be achieved only for the RC-CR shaper with pe-
aking time less than 10 nsec, but this is impossible when using known
CMOS technologies of IC production /10, 13/.

1.3. Main formulae for noise estimations
The next formulae were used for calculations of charge-sensitive
preamplifier noise levels in the case of detectors with large output capa-

citance:

ENC1

{e/2q)(Cd + Cf + Ci){kT/TpGm)~1/2 {1.1}

ENC2

,le/ZqHCd_4 Ct}(2kT*Rbb'/Tp)"1/2 {1.2)
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ENC3 = (e/2q){Tp*ql)=~1/2 (1.3}
ENC4 = (e/g)iCd + Cf + CiL)(kT/3TpxGm}~1/2 (1.4}
ENCS = (e/q) (kT*Tp/2Rp) (1.5)
where

ENC1,2,3,4,5 - mean sguared eguivalent noise charge
q ~ electron's charge

Cd - detector's capacitance

Cf - feedback capacitance

Ci - input capacitance of the head transister
k - Boltzmann's constant

T - temperature

! - detector leakage or CS5P input current
Rbb'- base spread resistance of Bi transistor

Rp - resistance of parallel connection of feedback resistor Rf
and detector bias resistor Rb
Gm - transconductance

ENC1,6,2,3,% depend on the transconductance of BJT and JFET
transistors, Rbb', input current of amplifier and leakage current of
the detector and parallel resistance accordingly.

The summary noise of CSP using JFET as a head element is des-
cribed by the next eguation:

ENCj = (ENC4"2 + ENC3,17°2 + ENC3,2"2 + ENCS"2)}"~1/2 (1.6)

Note that ENC3,1 are calculated for input current of CSP, and
ENC3,2 for detector leakage current.
The summary noise of CSP with BEJT transistor head element is

ENCbi = {ENC1"2+ENC2~2+ENC3,1"2+ENC3,2"2+ENC5"21"1/2 (1.7

ENC3,1 is the same as in (81},

1.4, The head transistor parameters optimization

1.4.1. JFET optimization

The dimension of JFET, i.e. the ratio of the channel width Z to
iﬁs length L, determines the maximal values of its transconductance Gmmax
and capacitances of source-gate Cgs and drain-gate Cgd. Increasing Z/L
leads to increasing Gmmax, Cgs and Cgd, therefore ENC4 wmust have minimum,

Taking into account the next relations:

Gmmax = A1(2/L1}, {1.8)

Cgd = A2#ZaxL, {1.9}

where Al, A2 - constants,
and keeping in mind that in specific technological process the channel

length L tends to be mantained minimal and practically only the channel
width 2 can be sltered, it is possible to show that
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Gmmax = A3xCgd, {1.10)
and functioﬂ ENC4(Cgd) reachs its minimum at
Cgd = Cd + Cf. {i,11)

Miller's effect is often stated in literature to be taken into
account in the optimization process. In this case the optimization con-
dition for JFET dimensions will be

Cd{1 + Ku) = Cd + Cf {1.12)

For the most frequently used type of the first stage - cascode
JFET-BJT we have

Ku = (Gmmax*pt/I1d){1 - [1-(1d/idmax)~1/21"1/2}, (1.13}
where @t = kT/q is the temperature potential.

For chosen JFET (see lower, variant 1) Gmmax = 8.6 mA/V, 1id =
7.33 mA, Id max = 14.4 mA we have Ku = 0,014,

For variant 3 Gmmax = 39.2 mA/V, id = 2.94 mA. ldmax = 78.3 mA
we attzin Ku = 0.035.

1.4.2, Bipoiar transistor optimization

Optimization of BJT is more difficult, because in this case it
is pngsibie to sptimize both the geometrical size and the coliector
current, taking into consideration the influence of contradictory fac-
tors, namely:

- minimizaticn of ENCZ due to minimization of Rbb' results in in-
creasing of transistor dimensions and collector-base capacitance Cbe, but
this leads tu increasing of ENCl, being particularly large in the case of
strong Miller's effect {large gain of first stage!};

-~ depenence of bipolar transistor input capacitance Ci on emitter
curcent

Ci = Chall + Ku) + le/lots &), (1.14)

where Ku is gain of the first stage,
ot - 2 fy - trasition freguency,

leads to existance of minimum value of series noise ENC1 in dependence
of the collector current;

- increasing of collector current made in the process of opti-
mization of series current causes the increasing of the parallel noise
ENC3.

Minimum ENC is estimated in our analysis to achieve at emitter
current equal to

loptl = $t*2pfriCd + Cf + Cbcll + Ku)) (1.15)

At the same time minimum of the . sum ENC1°2 +« ENC3"2 occurs at
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lopt2 = (CI/Tp)(otB~1/2), (1.16)
where CI - the total capacity

B - the current gain of the head bipolar transistor.
Cl = Cd + Cf + Cbcll + Ku) + le/(gtx W) (1.17)

Sustitution eq. {17) to eq. (16} gives
loptZ = [@t/pr/ ~1/2-1/0411{Cd+Cf+Che(1+Ku) 1, (1.18)

It should be noted that equation (1.13} is valid for usual cas-
code rather than folded one. Usual cascode made with Bi transistors has
unit gain tat the point of input transistor c¢ollector). Folded cascode
has larger gain and hence it reveals stronger Miller's effect.

Folded cascode gain Ku should be estimated separately for every
specific circuitry taking into account the type of active devices being
used ¢ well as desirable combination of speed and power consumption,

1.5. C5P head eiement choice
1.5.1. The strusture and characteristics of JFET

Standard low noice p-type JFET of basic technology has the next
2haracterictics:

- maximum transconductance Gmmax 180 uA/y

- maximum saturation drain current ldmax 300 uA

- threshold voltage Up 2.0 - 3.0V

- dimensions ratio Z/L 60 um/Z.42 um
- rmapacitance to substrate Csub 2 pF

- capacitance gate-drain Cgd 2.1 pF

Furthermore now we are finishing design of modified JFET with
improved ratio Gmmax/Csum. The modification is going in two directions:

- sepsration of top and bottom gates and execution of JFET
control only with top gate as in /16/;

-~ development of advanced technological process to increase the
transconductance without increasing of transistors' size /17/.

Unfortunately, this modification is accomplishing with low-
power JFETs. The ratio Z/L being increased, only Gmmax, Idmax and capa-
city of top gate, which equals 0.2Cgd, would change in linear proporti-
on. The dependences of Csub and 0.B Cgd {the capacitance of the bottom
gate) on 2/L may have been estimated only experimentally, and we have
received this dependencies at the measurements of test transistor stru-
ctures, described in Part 2. Therefore the proportional growth of known
characteristics of JFET with increasing of 2/L is stated to be uncor-
rect for the case of Csub and Cgd.

For the worst case of scaling JFET, matched with the detector
capacitance, would have the next characteristics:

Characteristics : Variant £ | Variant 2 i Variant 3
Cspacitance Cgd, pF ) 100 . 100 100
Dimension ratio Z/L 2880/2.42=1185 11470/2.42=4700 2500/2,40=1188
Thresnold voltage, V 2.0 - 3.¢ 2.0 - 3.0 2.0 - 2.¢
Max. drz2in current [dmax 4.4 mA S7.8 mA 72.3 rA
Ver. iransconduciance Grmax 8.604 mA/V 13.27 mA/Y 22.2 mAsY
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Table 1.2 summarizes JFET white noise calculation results (fli-
cker noice is not taken into account) and minimum powsr dissipated only
by the head JFET:

Pmin = [d¥Vpi{lid/ldmax)~1/2 {1.19)

Estimates to be shown are made for operational current Id which
is egual that of ref. 710/, i.e. Id = 200 uA, and provides the desired
level of ncise.

Table 1.2
Characteristics ' VYariant 1 | Variant 2 | Variant 3

ldmax, mA 14.4 57.6 78.3
Gmmax, mA/V 8.604 19.27 39.2
Cr = Cd + Cf + Cin, pF 200,5 200,58 200.,5
Id (operational value}, mA 0.2 7.33 0.2 7.07 0.2 2.94
Gm (operational value), mA/V 0,523 4,0 0.576 4.0 1.003 4.0
ENC4, r.m.s. e- (%) 5500 2000 5300 2000 4000 2000
Fain, mW 0.071 15.7 0.035 7.43 0.0303 1.71

% Rounded to hundreds of electrons.
1.5.2. The structure an characteristics of bipolar transistor

Combined BJT-JFET technology provides the next low-power n-p-n
transistor parameters:

B =70, le = 3.0 mA, FT >= 2.5 GHz, breskdown c¢ollector-emitter
voltage Uce » 8.5 V {Ib = 0), Ccb < 1.2 pF {Ucb = OV).

If Bi transistor were used in CSP input stage connected to
detector with internal capacitance Cd = 100 pF, the dimension optimiza-
tion would be reduced to Rbb' minimization only, and capacitance mat-
ching would be made by collector current changing. These estimates have
been made for three variants of the head Bi transistor.

Characteristics i Variant 1 | Variant 2 | Variant 3
Cverall emitter zone area, um . 300 x 2.5 150 x 2.5 90 x 2.5
Spread base resistivity Rbb', COhm 6 12 20
Collector-base capacitance Ccb, pF 2.4 1.8 1.7
Transition frequency FI, GHz 2.5 - 2.5 2.5
Current gain B 70 70 70

Minimum possible power dissipated by the head transistor has
been estimated too:

Pmin >= Q.BB#*[e (1.200

The results are summarized in Table 1.3,
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Table 1.3

Characteristics : Variant 1 ‘Variant 2/Variant 3
loptl {capacit.matching}), mA | 42.98 I 42.88 ¢ 42.41
lopt2 (min.ENC172+ENC3"2), uwA: 27.3 {B=100) : !

B =70 P 22.9 22,7 1 22.8
B = 50 V18,4 ' :
Rbb*, Ohm HE & P12 120
Ile {operational valuel}, ul 1200 1 20 v 2.0 v 200 ¢ 200
Gm (operational value}, mA/V | 7.69 | 0,769 | 0.076%: 7.69 1 7.69
Ci=2Cbhbe+le/lotx T);Ku=1, pF | 5.28 | 4,85 | 4.805 | 4.28 ! 3.8%
Cr=Cd+Cf+Ci, pF ¢ 105.87 105.35%7 105,305 104.6 ! 104.4
Pmin, uW v 160 16 V1.6 V160 i 160
ENC1, r.m.s. e- (#) i B6O 7 2080 | 6560 | 650 i 650
ENC2, r.m.s. e- (#) 11980 1§ 180 1180 v 270 i 350
ENC3, r.m.s. e- (%), B=100 | 4B10 [ 1520 | 480 1 4B10 1 4810
B=70 : t1820 Y } i
B=50 : {2150 ' :
ENCsum, r.m.s., e-{#%), B=100 | 1 2580 : !
B=70 H 1 2770 H :
B=50 ' 1 3000 ' i
Ccb, pF : V2.4 ' i 1.8 .

{#}) Rouned to tens of electrons.
1.5.3. Main conclusions about the head element choice

Analysis of data shown in Table 2, 3 permits toc make the next
conclusions:

1.5.3.1. About usage of bipolar transistors for the case of Cd =
10C pF and Tp = 1 us:

- the series noise minimization achieved by optimization of the
head transistor emitter current loptl leads to unacceptable increasing of
the parallel noise ENC3;

- the emitter current optimization should be made by minimiza-
tion of ENC1°2 + ENC3"2. In this case we get lopt2 = 15 - 30 uA for
different head trasistor structures and B's;

- distinctions of the Bi transistor structures don't affect noti-
cebly on the total noice level because contributions of ENC2 and ENC1
versys Cbe are very small in comparison with those of ENC3 and ENCI
determined by the input current and transconductance;

- to achieve more realistic estimates of ENC one should use more
precision values of Ku and the experimentally measured dependence ENC1 on
cf =®t(le) and lopt2 in the region of microcurrents {(le = 1...100 uvA);

~ use of the bipolar transistor in the input stage of CSP is not
the best decision in the sense of noise because in the case of Cd = 100
pF, Tp = 1 usec, B = 50...100 and optimal emitter current about 20 uA re-
suited noise is equal 2500 - 3000 eliectrons without taking into conside-
ration noises of detector leakage current and CSP feedback resistor;

- the main advantages of BJT transistor in the mentioned case
are very smal] occupied area.in comparison with JFET, rather smali dis-
sipated -power and higher speed. :

1.5.3.2. About use of JFET in the case of Cd = 100 pF and
the peaking time Tp = 1.usec it should be noted the next:
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- all JFET variants provide the required noise level ENC = 2000
e- taking into account the noise 110 e- produced gate leakage current
about 10°-9 A and different minimum vaiues of the head element dissipated
power 15.7 m¥, 7.43 m¥ and 1.71 mW;

-~ variants 1 and 2 of JFET structures provide the same noise le-
vels but JFET of variant 2 being of the same design rool occupies 4
times greater area and dissipates two times less power;

- The most suitable for use as the head element is JFET of vari-
ant 3;

- electrical circuitry of CSP shouid give a possibility to vary
the head transistor drain current because this permits toc provide the
best combination of noise (regulated by Gm) and power dissipation (regu-
lated by 14d).

1.5,3.3. These calculations have estimation nature. After taking
into account characteristics of the new designed p-JFET's now we hope
tc attain more precise estimates in future,

1.6. Choice and calculation of readout path (CEF + siow cghaper!

1.8.1, Preliminary notes

Let us =stimate the noise contribution of factors being unkncw
al the beginrning of this design, namely: the detecter leakage curreni |
and pacallel resistance REp (parallel conneciion of CSF feedback resistor
Rf and d2tsetor bLizse resistor Rbi, 1f Rb is absent, i.e. Rb =e2 , Bp =
T, and we have ’

Bp : i MOm ; 1C MOm ' 50 MOm : 100 Mim
ENC5 ' 770 e- : 240 e- ; 110 e- : &0 e-
b ¢ 10~-1t A 1 107-10 A 10~-¢ A ¢ 10°-7 A . 10"-6 &
ENC3 | 10 e- v 30 e- ' 110 e- ¢ 1080 e- 3420 e-

Eq. (6} includes components, being dependent on Tp, both increa-
sing and decreasing, so it possible to find the optimal peaking time

Tp opt = ZCT[(tt*RplISGm(ZQt + Rptll + lin}1"1/2 {1.21)
1.6.2. Calculation of CSP and slow shaper

Readout path configuration is shown in fig. 1.1. Let us choose
basic p-JFET with 2/L = 60/2.42 as the head element of the slow shaper
and JFET of variant 1 for CSP. Then we obtain the next characteristics:

Siow shaper:
Feedback capacitance Cfs 0.5 pF

Coupling capacitance Cec 4.0 pF
JFET dimensions 60 um/2.42 um
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JFET transconductance: maximum Gmomax 180 uA/vV
operatinal Gm 15.58 uA/vV
Peaking time Tp 1.003 usec
Dperational drain current 1d 8.2 uA
Feedback resistor Rfc 3.9 MOm
Total shaper capacitance Cts = Cc + Cis + Cfs 6.6 pF
Input shaper capacitance Cis (Miller's effect
is neglected, i.e. Ku = O} 2.1 pF
futput shaper capacitance Cos = Cfs + parasitic
capacitance 0.1 pF 0.6 pF
Load capacitance (negliected] 0 pF
Shaper's gain Avs 15.55
CSP:
Feedback capacitance Cf 0.5 pF
Feedback resistor Rf »50 MOm
p-JFET dimensions 2868/2.42 unm
Transconductance: maximum Gmmax B.6 mA/V
operational 4.0 mAsvV
Operational drain current Id 7.33 mhA
Total gain {C5P + slow shaper) 11.44 mV/fC
Total noise (CSP + slow shaper):
head JFET 2000 e-
feedback resistor Rf 110 e-
total 2010 e-
Drain current |d provided ENC = 3000 e-
{Gm = 1.781 mA/V} 1.98 maA
Minimum power dissipated by the head JFET
when ENC = 3000 e- 2.2 mV

1.6.3. The timing channel calculation

The main timing channel characteristics are the time jitter
T and the time walk Tw:

Tw = Twl + Tw2 (1.22)
where Twl - the component stipulated by the shaper pulse rise time
- {wavefront steepness! dependance on a value of ocutput
voltage;

Tw2 - the component conditined by comparator time delay due

~
to input signal value.
Twl = (Tps2#Ut/Avf¥#Avs2){1/Qinil + 1/Qin2} {1.23)
where Tps2 - fast shaper peaking time
vy - comparator threshold

Avi®Aus? - overall trigger path gain (CSP + fast shaper).

On another hand the circuit parameters are chosen to satisfy
the next inequality:

AvfxAvs2¥%Qint >= Ut - - oo B ' (1.24)

where Qint - input current causing the comparator switch on.
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Taking into account eg. {1.21), we have

Tul <= Tps2(Qint/Qint - Qint/Qin2) {1.25)

For threshold value given in specification /8/ Qint/Qint = 0.5,
Qint/QinZ = 1 we have Twl <= 0.4 Tps2, and since Tw ¢ 4 ns the next un-

egation is valid
Tps2 < 10 nsec.

From eq. (1.24) for known Qint = 16 £C, Ut = 5 uV and Avf =
0.735 we get

Avs2 > 0.431.
The time scattering dispersion is known to satisfy the equation
Ot~z = u~2/tdutt)/dti~2. t1.26)
In our case this equation transforms to
0t - Tps2/40 fCw ENC = 10 nsec#0.4B £C/40 £C = 0.12 nsec. (1.27)
The jitter is supposesd to be measured with the input charge
40 fC provided that signal amplitude dispersion is considered to beca-
used only by the input noise transfered through the whole system C5P +

fast chaper. Summarizing this discussion we have to state the next re-
quirements tec the fast shapers:

Parameter Required Desired
Tps2 {10 nsec <10 nsec
Avs?2 >0. 431 »>0.88

1.6.3.1. The fast shaper head element choise

The fast shaper head element type choise was based on the
peaking time calculation method of ref. 710/. 1t should be noted that
this method is fully correct for OTA with voltage controlled head
element (MOSFET or JFET! only., For Bi transistors its results may be
cdtidered to be rather gualitative than quantitative.

Accoring ref. /10/ the peaking time is estimated to be equal

Tps2 = 2Cts2/(Gms2#Cfs2/Cos2 + 1/Rfs2) (1.28)

The next types of electronic devices were considered for use as
the head element of the fast shaper: low-power p-JFET, low-powsr JFET's
of variants 1,2 and 3, Bi transistor and MOSFET with characteristics
recovered from ref. /10, 13/, namely for low-power MOSFET:

2/L = 390/0.8, Gm = 220 uA/V provided that Id = 10 uA,
Ci = 0.5 - 0.7 pF (Miller's effect has been taken into
account),: .
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and for high-power MOSFET:

2/L
c

4000/0.8, Gm
i=6.9- 7.1 pF.

3 mA/V

provided that Id

200 wuaA,

High-power JFETs of variants 1, 2 and 3 used in calculations

had the characteristics shown in Table 1.1,

but

in addition we have

made an attempt to get a real scaling of capacitance Cgd taking into
cnnsideration 20% contribution of the top gate made in the total
capacitance value.

JFET's variantiGmmax, mA/ViCgd, pF, the worst case.Cgd,pF, the real case
1 ' 5.604 ' 100 ! 24,7
198,27 : 100 g B4.7
3 i 3t.8 ' 100 i 24,7
The calculation results obtained for Cfs2 = 10 pF, Cc2 = 0.5 pF
are shown in table 1.4.
Table 1.4
Active device used ' lnput capa-! Transceonductance, mA/V
rcitance, ittt
' pF ' msx imum for Tp=10.0 ncsec
MCUSFET Low-powsr ; 0.6 b 0UZ2 fer Id=1C wAl 2,73 mAsY
Righ-powsr v 7.0 v 3,0 for [d=Z00 uA! 4,325 mAsY
JFET The worst var.i: 100 i B.b4 v 27,18
case, var.2) 100 18,27 ¢ 27.18
i4=72.2 mA var.3! 100 P31.8 i 27.8
More rea- var. li 24,7 v B.6O4 ' B8.66
iistic ==--- Dbttt e bbbtk et P b
scaling, var.2: B4.7 P 19,27 T 23.4
1d=17.5%5 mA var.3: 24,7 ¢ 31.6 ; B8.66
JFET, !ow-power ' 2.1 ! 0.18 } 3.1
Bipolar transistor ! 1.2 : : 2.88 for
H : void = 74,9 uA
Cfs2 = 10 pF, Cc2 = 0.5 pF

Data of Table 1.4 permits

to state that the fast shaper with

the peaking time of about 10 nsec can't be relised using the CMDS
because the
transconductance for this purposes should to be 1.45 times greater.

technelogy with parameters, specified in ref.

/10,

137,
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Among the proposed JFETs only var.3 permits to make 10 nsec
shaper, but it demands Id = 75,3 mA in the worst case. Both this value
and the more realistic Id = 17.5 mA are unacceptable due to the high
power dissipation.

Such a shaper seems to be realised only with iow-power Bi transis-
tor at relatively low operational current 75 uA, but it should be noticed
once again that the calculation method being applied to Bi transistors
gives large errors in the case of their operation with emitter currents
greater than 0.5 uA, =o these results appear to be rather qualitative in
nature.

To the fire end let us provide the parameters calculated for
the fast shaper used Bi transistor as the head element, Since the fast
shaper introduces additional noise, the parameters has calculated for two
cases: for optimum emitter current lopt and the least noise (without
taking into account the feeback resistor noise) and for the similar case
but with enlarged Rfs2.

‘ Table 1.5
The fast shaper specification

{C{s2 = 0.5 pF, CcZ2 = 0.5 pF, Cos = 2.0 pF, Cts = 2.1 pF)

lopt2 i BB uA '

e operational v 80 uA [ 56.2 uA

Gms2 : 3.46 mA/V : 2.16 mA/V

Tps2 : 7.15 nsec : 10.9 nsec

Rfs2 1 100 kOhm : - 40.9 kOhm

Avs2 ! 6.99 : 1.876

AvixAvys2 ; 5,146 mV/fC ! 1.38 aV/{C

ENCS, r.m.S. e- {(#) | 250 ' 390

ENC3, r.m.s. e- (%) | 450 ! 360

ENCl, r.m.5. - (%) 1} 110 ! 140

ENC2, r.m.5. e- (%} } 70 ! 70

ENCsum, r.m.s. e-{#): 530 ; 550

du/dt i 2B.79 nV/nsec! 5.52 mV/nsec
Jitter due to the shaper noise. 0.006 nsec 0.032 nsec
Total jitter ! 0.120 nsec ! 0.124

In the final variant the fast shaper parameters should be re-
calculated taking into consideration the real values of Ku and compo-
nents' parameters. '

1.7. The CSP head-element estimation for the peacking time 1.0
and 0.3 usec and noise levels 3000 and 1000 r.m.s. e-

During accomplishing of this analysis we received a .suggestion
to investigate the possibllity to achieve noise levels 3000 and 1000 r.
m.s. e- at peaking times 1.0 and 0.3 us.

The head element estimation was made by the same method used
for the calculations of JFET structures of the variants 1, 2, 3 and the
bipolar transistor structures of the variants 1, 3 (see parts 1l.4.,
1.5.). The calculation results are summarized in Table 1.6.



JFET : Variant 1 : Variant 2 i Variant 3

Id max, mA ‘ 14.4 ’ 57.6 . 78.3

Gm max, mA/v s.606 1821 8.2
P 2005 2005 2005
Tp, usec 1 1.0 § 0.3 { L0 { 0.3 1 1.0 i 0.3
(EncazeENCS-2In12, 7
r.m.s,e- 153.7 B4.2 | 153.7 B4.2 ¢ 153.7 B4.2

A R R e R e e R A e e T M R e e S e Y A R TN SR SR S M R e MR R e P e e e W A e R U MR M A

- e T = e ey e et R e e = = e A A e T A e e A e TR T e W e =

{Pmin, mV 1.848 26.57 ¢ 0.783 20.37 ! 0.138 4.282
ENCsupiENCA,r.m.s.e- 988 995 | 988 99 | 988 996
1000e-iGa, BA/V  16.4 §3.21 i 16.4 53.21 | 16.4 53.21
fn.s.ild operat, A NO KO i 55.07 NO 134,28 KO

iPmin, ay NO NO i 13685 WO 156.07 NO
eetiiiiiiiieiiesemmommmemeiiiimsssirireeeeeseesemcemoeooeaes
n-p-n H Variant 1 ' Variant 3 | Comments
Rob', Ohm s 20
Tp, usec  f 1.0 i 0.3 ¢ 1.0 ¢ 0.3
loptz, B=70, wA  22.9 76.3 { 22.7  75.7
ENCZ, rom.s. e- 150 347 i 348 634
ENC3, r.m.s. e- 1943 1952 i 1934 1938 B=70, lesloptz
Gn, wAV 0.881 2.93 1 0.873  2.91 fe=lopt2
ENCL, r.m.s. e- 1080 1042 i 1048 1048
ENCsum, r.a.s. e- 2746 2769 1 2767 2818
Puin, W - 18.32 61.04 ! 18.16  60.56

s A Sy e S

lg = 10°-8 A, Rf = 50 kOhm
NQ - the .implemenation is impossible.

Being analyzed they permit us to make the next conclusions:
- BJT of all the constructiondconsidered don't aliow to at-
tain a noise ‘level lower than 2700 e-; '
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~ decreasing of the peaking time to 0.3 usec ieads to 3.3
times Increszing of the power dissipated by the head transistor with
the same noise level supported;

- all the considered constructions of JFETs don't allow to
provide ENC = 1000 e- at Tp = 0.3 usec;

- it were possible to attain ENC = 1000 at Tp = 1.0
uzec with JFETs if lhe power dissipated by the head transistor
wouid increase to 135 m¥ and 56 mVW for JFETs of variants 2 and 3 res-
pectively.

In addition it should be noted that detector leakage currents
were not taken into account in this estimation, and the active elements
were considered to work in the theoretical ltimiting case of the satura-
tion region boundary where the dissipated power is minimum. In the real
circuits the transistors wil! be far of the saturation due to impossi-
bility to stand the operational regime precisely, so the real head-ele-
ment power dissipation will be greater than the theoretical one. More-
over, some additinal power will be dissipated by another elements of
the circuit especially by the fast shaper with the peaking time RC-CR
ef 10 nsec.

1.8, The CSP CMDS 1C production possibility estimation for the
case ENC=1000 r.m.=s. e- and Tp=300 nsec

1.3.1. General notes

The estimation was made for a CMOS charge-sensitive pream-
plifier {CSP) with a RC-CR shaper according to the methodics used
ahove for BJTs and MOSFETs with addition of the eq. (1.29 -1.31} taken
from ref.f103. A MOSFET flicker noise component is supposed to be equal

ENCE6 = (Ctxe/q)#[Fk/{2VUaLeff)]1"1/2, {1.29)

A bulk-resistance and a channel noise components are eqgual

ENCT = (Ctxe/q)*[Rb*51"2%kT/(2Tp)1"1/2 {1.30)
and

ENCB = (Ct*e/q)%[&1S1+1)kT/(3Gm*Tp), {1.311
respectively,
where:
a - the excess noise factor,
Sl=Cdep/Cox - the tlope factor,
Rb - the bulk resistance,

the rest of terms are the same as in part 1.3. above,.
1.8.2. The comparison of existant CMOS CSPs

Different implementations of CMOS CSPs known from literature
{8, 10, 13, 20) were analysed with reference to GEM muon detector ap-
plication. This work happened to be rather difficult due to absence of
the exhaustive information needed for the noise level! recalculation far
the detector capacitance Cd=100 pF and the peaking time 300 nsec.

Furthermore, there are different approachs to noise estimation
and results presentation accepted in the publications, namely:
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- the different substrate influence description:

n = (1 + Cdep/Cox} in [13) and Sl = Cdep/Cox in [101;

- the different flicker noise description: one provided with Af
of [V "2*pn~2] dimension in ref. [10] and Hf of [J] dimension in ref. [8,
201;

-~ different types of shapers being used: RC-CR in ref. [8, 10,
131 and symmetric squared form in ref., [13, 201;

- noise data is represented graphically in ref. [B, 20] and in
a form of analytical equation in ref. [10, 13]. {Using of the graphic
representation is very awkward because we have large errors during the
ENC recalculation for our Cd, Tp.).

The peculiarities being mentioned above lead to the next:

- the parameters signed with (%) were recalculated;

- the parameters signed with (**) were given as standard ones.

Summarized noises of the known CSPs are given in Table 1.7.
Table 1.7

Noise possibility interpolation to JEM appiication
for C5Ps made with different CMOS technologies

Refarence ¢ D131 v r101 0 I[81 4+ [B81 4 (201 ¢ [20]1 1 Minsk
———————— \ i : i Fig.8 | Fig.3 | Fig.4a: Fig.5a!
Parameter \-i------- e ettt e Rt lammem - e | mwme e
Head element PMOS PMOS  NMOSFET PMOSFET Monoli- Monoli- PMOS
enhance- thic thic var. 1/
ment PMOS NMOS /var.2
Transconduc- 1.4 2.0 1.2 1.5 15,48/
tanca, mA/V  I1d=50uA [d=20CuA fd=100uA 1d=100ud /4,80«
1d=200uA
Excess noise 1.4 2.0 2.0 #x
factor 5
Flicker Af=3x  Af=2.2x Hf=AfxCi= Hf=1.5x
noise xi0*-14 x10"-13 5.5x107-24 10~-23 1]
y-2 Vo2 ox J,Ci=3 pF Ci=3 pF
5=25300 S=3440 $=2800 5=2300
um”2 um~2 um"~2 um~2
Factor Fk, 7.58x 7.6x10~-22 5.13x t4x 9.0xx»
V"2 x m"2 x10~-22 210°-21% 10°-21% x10~-22
Bulk resis- 1.2 & 2.0 2.0 »»
tance Rb, kOhm
Slope factor 0.3 ¥¥ 0.206 ¥ ©0.374
Sl=Cdep/Cox Ugs=0 V Ugs=0 V Ugs=0V/
' /0.176
Ugs=2.0V
ENCE (flicker 590 283/694

noisel),r.m.s.



ENC7 (bulk 989 1488/
resistance Ugs=2.0V ‘ /1153
noisel, r.m.s.

e-,Cd=100 pF,

Tp=300 nsec

,_.

____________ | mmmme e et e e et cr e mrmece e [ m e

Reported  400+33Ci 180+12Ci 5067 1500 2500 2290
noise level, Cd=100pF Cd=100pF Cd=30pF Cd=30pF
r.m.s.e- Tp=350ns Tp=1.5us Tp=500nsTp=1.0us Tp=100ns Tp=100ns
Interpolated 3930% 2752 6542x 2739% 4B11% 4407 % 2435/
noise ENCsum 2851
for Cd=100pF,

Tp=C.3 ns,

r.m.s.e-

"% The interpolated value
** The standard value

1.8.3. The CSP parameters to be agchieved with CMOS
technology available in Minsk

CMOS technology used in Minsk is intended for production of
digital and simple analog-digital LSI/VLSI, so the noise parameters
of MOSFETs were not investigated. To estimate ENC of CEP the standard
values of &, Fk and Rk have been chosen {see Table 1.7).Two consiruc-
tions of 3 head p-M0S transistor were estimated: with capacitance mat-
ching »nd without {t,

Variant 1 Variant 2

he input capacitance matching ¥es, no,
wily & detects Ci={Cd+CFi/3 Ci=33.% pF €i=3.35 pF
The 2lamsnsion ratio W/L 2300um/0, 9um 3230um/2. %um
The transconductance Gm at 1d=0.ZmA 15,48 mA/v 4.89 mA/vV
The noise levels, r.m.s. e-:

ENCE - 283 €94

TNC? 1488 1153

ENCEB 1903 2624

ENCS 108.3 109.3

ENCsum 2435 2951

1.8.4. Short conclusions

The results of the investigations given in Table 1.7 allow us
to make the next conclusions:

’ - no one of CSP reported in literature can provide the noise
tess than 2700 e- with Cd=100 pF and Tp=300 nsec;

- the least achievable noise about 2400 e- could be expected
with MOS transistor of variant 1 which can be made with CMOS techno-
logy availatble in Minck too;

- the gigantic size of such a transistor (32.3 mm) is suppeosed

to iead to a low yeld and, consequently, to high prise of ICs.
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1.9. Description of the IC design
1.9.1. BJT/JFET IC construction

We have chosen two versions of IC for realisation based on
anazlyses reported above. The first one has 2 bipoclar n-p-n microwawe
transistor used as 2 head eijement of amplifier circuit, the second one
uses for such a purpose p-type JFET. The BJT version seems to be more
preferable to achieve necessary time jitter and time walk, but it seems
to posses no reserves in decreasing of ENC at peaking times about 1 us.
Qur calculations show the possibility to achieve ENC about 2500 - 3000
r.m.s.e- at peaking time 1.0 us, and this results are in a good agree
with 2800 e~ from literature (8, 20]}. Nevertheless, this drawback seems
to be less obvious with the peaking time decreasing to 0.3 us.

The second version has JFET as a head amplifier active element.
1t assumed to be more promising for achieving low ENC (we estimated
2000 r.m.s. e- for :.0 us, but there we may have met some problems with
speed of the fast shaper and power consumption in the head CSP transis-
tor.

For the purpose of more precise estimation of a CSP head tran-
sistor parameters to be realised in the next production iteration we
have made the two channels of one IC with different input transistor
parameters both for BJT and JFET versions. Both the BJT and JFET ver-
sions are made in the same chips with overall number of channels being
equal 4, and one or other IC version {(two channels) is wired to pins
acccordingly the user demand.

IC is placed in 48 pin planar four-side package. Each channel
has separate voltage supply inputs. In addition a substrate output has
no galvanic contact with the most negative potential bus. This c¢onstru-
ction peculiarities appear to decrease crosstalks between the channels
as much as possible. Tc decrease 1Cs' prise they were packaged into the
cheapest packagss made from oxided aluminium.

1.9.2, Head stage technology features

CSC CSP/shapers ICs are made in high radio frequency combined
bipolar-field (EJT-JFET) technology. Element base construction pecuii-
arities consist of the next items:

- only n-p-n BJTs and pJFETs are used as active devices;

- presence of two burried layers n+ and p+ in n-type epitaxia!

structures;

- combined interelement insulation:

- selfalignment of n+ gate and n+ emitter areas.

The technology to be used has the next features:

- using of only ion doping;

- Boron doping through a preliminary grown thermal! oxide;

- simultaneus formation of different conductivity type regions;

- two-level metallization.

The technoleogical process includes 14 photolithography opera-
tions, 8 ion doping operations and has a block structure.

1.9.3. 1IC layouts
To speed up the optimization of IC design 1C was made from se-

parate cheme-topological parts which being internally interconnected
and accomplished with discrete elements gave possibility to implement
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the desired functions. This parts were different both in chematics and
in head transistor construction. The BJT version contains:

- similar in the two channels slow (signal}) and fast (trig-
ger! shapers having a head n-p-n made with a design rule h = 1.5 um,

a number nf emitter strips n = 3 and Rbb'= 93 Ohm, AREA = 0.3;

- different in the two channels CS5P head transistors:
channel 1 linput pin 45} - h 1.5 um, n = 3, Rbb' = 93 Ohm, AREA=0.3;
channel 2 (input pin 05) - h 1.5 um, n = 10, Rbb' = 15 Dhm, AREA =
1.03 this transistor was supposed to be basic one for model construc-
tions and measurements;

- a scaling factor for minimum size n-p-n AREA = 0.012;

- ali the JFETs are the same and have Uth = 2.6 V; VT4, VTS,
VT7, VT13, Ti6 have AREA = 0,117, VT10, VT11l have AREA = 0.081. The
TA2 connected-gates JFETS measurements results listed in part 2.6
correspond to AREA = 1.5;

- a protective diod chain is placed only in channel 1 and ope-
rates with a biased substrate and zerc potential on the channel 1 gro-
und pin (O V at pin 47 and -Ecc at pin 24).

The JFET version containes:

- zimilar in the two channels slow and fast shapers having
head pJFETs with AREA = 0.235;

- cutput pJFETs with AREA = 0.235;
channel 1 and 2 differ by the head element:

{input pin 2} has pJFET with AREA 1.5;

{input pin 5) has pJFET with AREA 1.0;

all the n-p-n transistors have the same scaling factor
AREA = 0.012;

- all the resistors of all the channels have 60% overstated
values in reality compared with nominals to be supposed.

The large number of the interconnections lead to a large num-
ber of contact pads whose size and pitch determine the die size.

The ccntact pads are placed on two rings (44 pads for BJT version 1
and 24 pads for JFET version 2). inside area of the internal contact
pad ring is occupied by two JFET version channels and two BJT versi-
on channels together with test array TAZ dedicated to optimize the
technological process and constructions of the head transistors.

The overall single channel size without contact pads and
RC-CR elements equals:

- 1300 x 300 um for version i (BJT)

- 1100 x 400 um for version 2 (JFETI.

nn

channel
channel

LI &5 B

1.9.4. Electric circuits of BJT version

As it was mentioned above one readout BJT-version channel! con-
tains CSF, fast shaper, slow shaper supplied by two separate equal
biasing networks. The BJT version channel 1 electric circuit is shown
in Fig. 1.2, the channel 2 circuit, being identical except of pin desi-
gnation, is shown in Fig.1.3. CSP consists of transistors VT2, VTS,
VTG, VT10, VT1?! and VTc2. VT2 is the low noise input {head) transis-
tor {different in channels 1 and 2) having rather large size to minimi-
ze thermal series noise. VTS5 is a p-channel JFET. VTS cascodes the
VT2 and is loaded with current generator VTB. Application of the active
load (current generator VTE) allows to increase the gain and gives the
possibility of adjusting of the standing current. VYTi0, VTi1 form an
cutput buffer, where the capacitance feedback is clcsed. It is impleme-
nt2d  with JFETs rather than with BJTs because such a configuration
is more suitable when the output signal! is negative.
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The high speed in this amplifier is obtained, since VT!1 has very
high transition frequency at low standing current and VT2 has very
small dimensions with, consequently, a neglegible output parasitic ca-
pacitance.

The biasing networks are separate and identical for the CSP and
for the slow shaper. -

The standing currents of transistors VT2 and VTS5 are setted
through the current mirror VI6-¥Tc2Z by the resistor Rc_ext2, external
to the chip.

The CS5P biasing network (VT13 - VT15, VT18, VT21, vT23, VT2S5,
VT27, VT28) also provides insensitivity of CSP to changes of a thre-
shold voltage of JFET VT5. No matter, what concrete value of the thre-
shold voltage VTS5 has (in reasonable limits, of course), the biasing
network will set such potential on the gate of VT2, that it will be in
the nominal current mode. It consists of a multistage current mirror
VT16, VT21, VYT27 and VT29 with external setting of working currents
with the external resistor RextZ. The difference stage VTi9-VT21 compa-
res voltage dictated by the drain current of the reference JFET VTi3
being identical to the cascode JFET VTS of C5P, with the reference vol-
tage made by the stable current of ¥T27. As VTS and VTi3 have similar
size and construction they have similar both threshold voltages and
their drifts, which are compensated by the biasing circuit.

In order to get the best compromise between speed, noise and
power dissipation the biasing of the preamplifier can be modified by
means of external resistors. It should be pointed the need of separate
sets made with Rext2 for the gate voltage of the cascode VTS and for
its drain current made with Rc_ext2,

The circuit of the slow shaper (VT3, VT7, VTB, VT12 and VTe3} is
somewhat alike that of CSP. The difference in the output buffer (the
BJT rather that JFET) is caused by different polarity of the output si-
gnal. The standing currents of the slow shaper transistors are less
than those in the preamplifier because there is no necessity of very
fast operation here. This aliows to diminish the total power consump-
tion. Biasing of the slow shaper is identical to that for CSP and is
made with external resistors Rc_ext3 and Rext3 trough the separate bia-
sing circuit (VT16 - VTiB, VT20, VT22, VT24, VT26, VT28 and VT30) being
identical! to the C5P biasing circuit and trough the same current mirror
VIB8-VTc3. It should be noted that in the next preduction iteration this
external resistors RC_ext3 and Rext3 should be placed into the chip.

The fast shaper is somewhat simplified version of the same folded
cascode circuit. The dimensions of the input transister VT1 here are
mach less than that of the preamplifier, because the noises considera-
tions here are of no interest., 50 this transistor operates faster. The
absence of the current generator in the drain circuit of the JFET VT4
also makes the circuit faster. This absence alsc decrease the gain, but
it is of no importance here. The shaping time of the fast shaper, cal-
culated with the emulating program SPICE, is about 25 nsec.

The total power consumption in the nominal mode {Rext=100k) is estima-
ted to be equal 60 mW (it is the calculated value).

All the inputs and outputs of the six BJT amplifying structures
of the (CSP + slow shaper + fast shaper)x2 are separated and led to
chip pins as far as inputs and outputs of the two biasing circuits and
the dinamic load transistors current setting inputs of CSPs and slow
shapers. Such an organization permits us to optimize the head transis-
tor currents in all amplifying structures of the chip for minimizing
noise levels and dissipated power, to connect feedback capacitors and
resistors of different values to set different peaking time, to inves-
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tigate the dependence of crosstalks on biasing circuit shared between
the amplifier structures of a single channel and between the two chan-
nel of a single chip.

in addition all the head transistor emitters points are led to
output pins to permit measurements of the head transistors currents and,
to investigate experimentally the possibilities of the electrical cir-
cuits structures optimization.

In the next design iteration we suppose to hide all the auxi-
liary inputs and outputs inside the chip, providing more large number
of channels per package.

1.8.5. Electric circuits of JFET version

The second version with a head JFET seems to be more promising
for achieving low ENC (we estimated 2000 r.m.s. e- for 1 usec?, but
there are some problems with the speed of the fast shaper and power
consumption of the head CSP JFET.

The JFET version IC is shown in Fig. 1.4 (channel 1) and in
Fig.1.5 {channe! 2), Their electric circuits are similar except of the
size of the head CSP JFETs being mentioned above. The first CSP stage
is a folded cascode, but the head transistor in contradistinction to
the BJT version is p-type JFET, the cascode transistor is n-p-n. There
is a JFET source follower at the output of CSP to make negative pulse
front more fast. The fast and siow shapers have n-p-n BJT emitter fol-
lowers at their ocutputs beinng adopted for such a purpose with positive
pulses. The bias of the cascode n-p-n is made with a resistor divider
and a filtering capacitor, but in the second design iteration pull-down
resistors are supposed to be replaced by diode chains. The CS5P input is
protected against large positive pulse voltages with a diode chain
being connected or disconnected by wireing. The input-output ideoclogy
is the same as in the former case.

1.9.6. Pspise BJT version simulations

The proposed electric circuit of readout channel for the ca-
thode strip chamber was simulated with Spice. The main goal of simula-
tion was to get convinced in the operatability of the basic design con-
cepts and to set more presiously the nominal values of passive elemenis
and operating modes of transistors. Spice models of JFET and bipolar
transistor were composed from measurement resuilts of test specimens,
which were produced earlier by the same technology. Full Spice model of
the circuit and the simulation results including circuit response on
the maximum input charge (200fC) are presented in fig. 1.6 - 1.8, and
the Spice description of the circuit is presented in Appendix 1.

The simulation performed allows to predict some main parameters
of designed integrated circuit. Voltage gain of charge sensitive
preamplifier and slow shaper will be about 400, and voltage gain of
fast shaper will be almost ten times less then that value. It is caused
by the absence of active load in the fast shaper's cascode. Having less
gain, fast shaper has much faster response. In the case.of delta-pulse
stimulation the risetime of output signals will be:

- for the fast shaper - about 40ns;

- for the slow shaper - about 300ns;

- for the charge sensitive preamplifier - about 40ns.
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Fig.1.6 CSA response (simulation)

o

. %

A ‘ebpyjoa Indino
s

M ™~ —
e} v o) a0

|[ll]lll!||llll]ll]||llllllIIIIrTlIll[IIl[lillillII

1.78

1E-008

BE—007 B8E-007

OE+Q00 2E-007 4E-007

time, s



-33_

1.7. Slow shaper response (simulation)
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Fig.1.8. Fast shaper response (simulation)
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The standing current of charge sensitive preamplifier input
device can be adjusted in the range O.5mA...2.0mA by means of external
current setting circuits.

The large number of external current setting circuits in the
scheme of first iteration provides an ability to set circuit in the
optimal operating mode even if real parameters of integrated elements
would differ (in reasonable range) from ones used in Spice simulation.

The test electronic device measurements reported in the next
Part 2. of this report were used to modify BJT and JFET Pspice models
and face values of resistors. Figs.1.9 - 1.11 show the results of the
refined Pspice stimulation, the Pspice circuit description is presented
in Appendix 1 too.

1.9.7. Discrete elements BJT version breadboard modelling

The bipolar version of CSP made with discrete components on a
breadboard was tested. The electric circuit to be modelled is shown in
Fig.1.12. The channel consists of CSP, 55 and FS5 and has a common bia-
sing circuit to compensate cascode JFET threshold voltage shift and to
set collector current of the head CSP ransistor. The head CSP element
VT1 was made of four parallel connected low noise microwave transistors
KT8404A, the head transistors of 5SS and FS VT7 and VT1i as far as the
CSP cascode load VT3 and the FS5/85 output emitter followers VT13 and
VT10 are KT389A, field-effect transistors are the JFET double-transis-
tor groups K504HT1A. All the res transistors forming the biasing cir-
cuit are five-transistor groups K198HT1A. The model tests has shown
the operability of all the parts of the circuit., The front edge was
found to be equal 40 nsec for the CSP and 20 nsec for the fast shaper.

1.9.8. Pspise JFET version simulations

The electric circuit of the two channels of the JFET version IC
is shown in Fig. 1.4, 1.5 and is described in part 1.9.5,

The JFET version C3P noise characteristic is determined in the
the first order by head JFET VT2 transconductance G and gate capaci-
tance Cg. At the first step of JFET version Pspice simulations G amd Cd
were supposed to be equal 10 m/V and 5 pF respectively. Such a value of
the transconductance gives a value Rs = 67 Ohm for series noise resis-
tance of the JFET channel. The second simulation step was made after
the mentioned above Pspice parameter modification. The head JFET of the
channel 2 is considered to have Gmax = 15 - 19 mA, Uth = -2.5 Vv, AREA
1.0. The head JFET of the first channel has the area coefficient AREA
1.5, JFETS of the SS/FS input stages and at the CSP output have AREA =
0.235. For BJTs an area coefficient was determined respectively the BJT
version channel 2 head n-p-n transistor and was equal AREA = 0.012.

The CSP JFET electric circuit used in the refined Pspice simu-
lation is shown in Fig.1.13. Pspice description of the circuit is the
the next.
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x¥T-2,JFEt, AREA=1,Cd=100p,Cin=1p,Cfb=3.3p

j1 2 1 0 kpf2

rl 2 200 150

r2z 100 3 B.2k

g2 3 4 2 200 mod2 0,06
r3 0 4 10k

4 4 200 24k

Cext 4 200 0,033u

j3 5 100 100 kpf2 0.235
ja 200 3 5 kpfZ 0.235

Rfb 1 5 100k
Cfb 1 5 3.3p

Rin 50 0 50
Cin 50 1 1p

Cd 1 0 100p

Vp 100 0 DC &
VYn 200 0 DC -6

Vin 50 0 pulse{0 -106000mv 10ns lns 1ns 2000ns 10000ns)

.MODEL mod2 npn 15=95e-18 BF=80 VAF=20 IKF=10m [5E=95e-18 xtb=1.5

+ NE=1.2 BR=0.7 VAR=20 1KR=im !SC=2.39E-13 NC=2 RB=15 IRB=10m

+ RBM=10 RE=5 RC=15.0 CJE=1.45p MJE=88m VJE=0.75 CJC=1.93p MJC=88nm
+ VJC=0.82 ¥CJC=0,2 CJS5=2,.2p MJS=0.5 ¥J5=0.75 tr=10n tf=20p itf=1i0m
+ vtf=20 xtf=2

.MODEL kpf2 pjf VT0=-2.5 BETA=2.5m LAMBDA=43.3m RS5=15 RD=15
+ €GS5=9.27p CGD=9.2p FC=0.5 PB=1 15=10f

.TRAN/OP inS 500nS
.PROBE
.END

The simulation results are presented in Figs.1.14 - 1.21. From
Figs.1.14, 1.15, 1.1B and 1.19 it is seen that C5P has large speed, the
pulse front edge lasts less than 10 nsec. Vaveforms shown in Figs.1. 1§,
1.17, 1.20 and 1.21 show the gain is too low to use such a circuit for
CSC muon detector application: the channel 1 has Ku = 42 and the chan-
nel 2 has Ku = 28.

1.9,9. Discrete element JFET version breadboard modeiling

The charge sensitive preamplifier was modelled with discrete
components on a breadboard. The electric circuit of the model is pre-
sented in Fig. 1.22., The head VTi is low noise high transconductance
n-type JFET KAS03A with G = 50 mA/V, VT2 and VT3 are KT363{i. The model
has demonstrated the operability of the circuit. The front edge of the
output pulse was equal 25 nsec at Cd = 220 pF, Rf = 100 kOhm, Cf = 10
pt and 100 nsec at Rf = 10 MOm and Cf = 2.2 pF. The noise measurements
gave ENC = 900 e- at Cd = 0.
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simulated with

1.9 Preamplifier response,
more precise transistor's models.

Fig.1.
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Fig.1.10 Response of the circuit, presented
on the Fig.2.3, simuloted with more precise
transistor's models.
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Fast shaper response (simulation).

Fig.1.11.
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5ns.
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Fig.1.14. Channel 1.
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Preamplifier, response with

100p, Risetime=14ns.

Fig.1.15. Channel 1.
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20ns.

42, Risetime

Résponse of the preamplifier,

_44_
0.068, Gain

0, Cin

which is set in the voltage gain mode, Vin=—100mV,

Fig.1.16. Channel 1.
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Fig.1.17. Channel 1. Response of the preamplifier,
which is set the voltage gain mode, Vin=40mV,
Cfb=0, Cin=0.068, Gain=42, Risetime=20ns.

0.50

= o o — — e mme o e - o o m wE Ee W T e e e e e e bt — —

~-0.60

-0.50

-1.00

—-1.50

-2.00

-2.50

[ARERRIRNINRRENNE RN AR RSN ANERARRERIER1 AETRNE RN SRR URERNARECENNEIT|

- ——— 7 - —-q-=---

| ]
_300 Ty Frerryry T ey v v e v P rTrTrIT T T T IR T T T T T TV irTd

ODE+000 1E-008 2E-008 3E—-008 4E-008 5E-~ 008 6E—-008
Time,ns



~-46-

Fig.1.18. Channel 2. Preamplifier, response with

=5ns.
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Preamplifier, response with
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16ns.

100p, Risetime=

Fig.1.19. Channel 2.
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Vin=-—100mV,
20ns.

Risetime

0.068, Gain=28,

0, Cin=

Fig.1.20. Channel 2. Response of the preamplifier,

which is set the wvoltage gain mode
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40mV,

20ns.

28, Risetime
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t the voltage gain mode, Vin
0.068, Gain

Channel 2. Response of the preamplifier,

which is se
Cfb=0, Cin

Fig.1.21.
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2. PREAMPLIFIER/SHAPERS IC ELECTRONIC COMPONENT
MEASUREMENTS

2.1, Purposes and content of the investigation

Two series of electronic component parameter measure-
ments have been made to get their dependencies on BJT-JFET process
parameters in operational current/voltage region, to be able to
predict potential characteristics of CSP/shapers built with the
technology and to modify the electronic component SPICE parameters
used in the circuit computer modelling.

The first set of the component parameter measurements
had been made preparatory to the first IC production iteration.
For such a purpose a set of test structures ( different types of
a head bipolar transistor, minimal size BJT-transistors, JFETs and
capacitances! has been made in a test array designed for another
goals (hereinafter reffered to as "the test array 1" (TALl}),

The second set of the measurements has been made for the
test structures grown teogether with CS5P/shapers circuits on the
same die, subsequently referred to as "the test array 2" (TA2).

To invegstigate the noise parameters of CMOS digital tech-
nology availahle at "INTEGRAL" to estimate the possibility of its
application tc low noise amplifying devices production a set of
MOSFETs has been made, their measurement results are reported
there too.

2.2. On-wafer measurements
2.2.1. Wafers with TA! structures
Two TAl wafers labelled 1-6 and 1{-7 have been subjected

to investigation. The resistivities (a surface Rs}) of the next
layers have been measured:

# TIP - surface resistivity of p- base

¥ TIPK - resistivity of JFET's p channel

* TIG - resistivity of a deep n+ collector
* TIPSS - for p+ burried layer

* TIHSS - for n+ burried layer

#» TIEP - for epi layer

# TIE - for n+ emitter

¥ T12 - for pJFET's n- gate

» TIPP - for p+ base.

In addition values of 40 Ohm, 1 k, 10k, 50k resistors were
measured.
The die yield of TAL is shown in Table 2.1.

Table 2.1
The die yield of the TAl of investigated wafers

R A e s Y st it s e b L s 2+ 2 T 2 4 4§ £ 4 2%



..51-
The main types of defects are the next:
a) for the wafer 1-6:
*# short-circuit between emitter and collector of head transistors;
* no connection between Si and metall or between metall and metall;
b} for the wafer 1-7:
# the minimal size n-p-n emitter-base short-circuits;
% very fast emitter/base junction degradation after reverse biasing.
Metal problems are expiained mostly by temporary unsatis-
factory work of the metallisation division.

2.2.2. TA2 wafer measurements

The number of TA2 wafers to be measured equals four:
145¢-02, 145¢-05, 145¢-06 and 145¢4-09, Hear we present results
of measurements only for one wafer which has the lagest breack-
down voltages between all the TA1/TA2 wafers as the most intre-
resting from the technology and circuitry point of view. Surface
resistivities Rs of the process text structures, breakdown volta-
ges of BJT junctions/JFET channels and values of all the operati-
onal resistors 10 Ohm, 0.6 k and so on to be used in circuits have
been measured.

Ve would point out at the large depature of the base resis-
tivity Rs=812 Ohm/sq. from the required value 550 Ohm/sg. This
circumstance is supposed to magnify considerably the values of ope-
rational resistors at 45 - 70% and probably to increase a head
n-p-n noise level., The relative operational resistors values disa-
greement appears to be explained by averaging of the resistor valu-
es being made during the measurements.

The TAZ wafer 145¢-09 die yield equals 96%. There were 48
functionally operable dies among 50 packaged.

2.3. Packaged test structures

2.3.1. TAl structures

As the twop wafers have very similar Rs in all the formed
layers, we have decided to wire devices from both wafers, morever

the wafer 1-6 have provided mainly JFETs. The packaged devices are
listed in Table 2.2.

Table 2.2
TAl packaged devices

Pa- | Pin iDesig~- Device description
cka=- | numbers | it b DL L L D DL DDt
ge e it inationiDesign ! Emitter/gate ! Comments

e} el bl irule h,um!strip number n!

!5 1 oglod : ! :

1 V20 30 40 5 & : 7 ' 8

o e TR R R MR M e TR S SR R R L S MR AL e e e e TR N R e e T R R R MR M e e S R W A S e e = e = e



1 V2 03 4 5 1 6 : 7 : 8
2 14 15 1 Q6 1.5 3
3 7 5 6 Qv 1.5 10
3 12 11 10 Q8 2.5 10
3 14 15 13 Qs 1.5 3
4 7 5 ] Qi1 1.5 10
4 12 11 10 Qiz 2.5 10
4 14 15 13 Q13 1.5 3
5 12 11 10 Q14 1.5 10 Deep ring collector for col-
lector resistance Rc lowering
5 16+ 1- Cl p-n junction capacitor Cp-n, S=120x120 sq.um
5 9 8 C2 Metal-deep collector capacitor Cmos, supposed
area 5=350#%400 um :
6 12 11 10 Qs 1.5 180 Head deep collector transistor
6 1€ 1 €3 Cp-n, area 120#120 sg.um
6 8 8 C4 MOS5 capacitor{Cmos}), 350#40C sqg.um
1 12 11 10 Qic 1.5 10 Head deep collector transistor
7 16 1 C5 Cp-n, S = 120%120 sg.un
7 9 8 C6 Cmos, S = 350x%400 sq.um
11 7 5 6 Q20 1.5 1 Minimum size n-p-n,
emitter 1.5%4.0 um
12 7 5 € Q21 1.5 1 Minimum size n-p-n
13 7 5 6 Q22 1.5 1 Minimum size n-p-n
14 7 5 6 Q22 1.% 1 Mipimum size n-p-n
1 V2 2! 4] H 6 H K : 8
Vafer 1-6
B 7 5 6 Q17 1.5 15 Head n-p-n transistor
8 1 2 B Ji 1.5 1 pJFET, width 20 um
8 15 16 9 J2 1.5 2 pJFET, width 30 um
8 14 13 12 11 J3 1.5 Two-gate pJFET, pin l4-upper
gate, 12-down gate, 13-source
9 7 S 6 Q18 1.5 15 Head n-p-n transistor
9 1 2 8 J4 1.5 1 PpJFET, width 20 um
9 15 186 9 J5 1.5 2 PpJFET, width 30 um
9 14 13 12 11 Jé 1.5 Two-gate pJFET
10 7 5 6 q1s 1.8 18 Head n-p-n transistor
10 1 2 B J7 1.5 ! pJFET, width 20 um
10 15 16 9 J8 1.5 2 pJFET, width 30 um
10 14 13 12 11 J9 1.5 Two-gate pJFET

B A S A T it 22 s s E R 3 2 A A - A R ¥ R A - F F L S R ¥+ 1 5 1 7
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2.3.2. TAZ structures

The next TAZ2 electronic devices types were packaged:

* a head n-p-n transistor having a design rule h=1.5 um, a number
of emitter strips n=10 and a structure with & deep ring collector
{collector - pin 10, base - 11, emitter - 12)

# pJFET with the two gates being connected [(Version 1, source - 15,
drain - 13, gate - 14} :

* pJFET with the two separate gates, an upper gate has a strip form
like the Tektronix type JFET (Version 2, d-7, s-5, down gate - 8,
upper gate - 6

* pJFET with the two separate gates, an upper gate has a ring form
like the Analog Devices type JFET {Version 3, s-4, d-2, ug-3,
dz-16).

The ring gate pJFET is suppused to possess the least possible
flicker noise value, but it has very low yield now which is suppo-
sed to be explained by difficulties in making 1.5 um gap in the til-
ted parts of the layout.

2.3.3. Test capacitance measurements (TAl structures?

All the test capacitances Ci - C6 have been measured by
impedancemeter E7-12. Summary sitraw capacitance of a test socket
and package was subtracted from the measured values. Contact pad
stray capacitances were neglected since contact pad metal is de-
posited on a thick oxide insulating layer about 1.5 um. The depen-
dance of the mean capacitance values on reverse bias voltage V rev
are shown in Table 2.3.

Table 2.3

Mean test capacitor values versus reverse bias voltage
Vree, Vi 0 1 1.0 1 2.0 i 3.0 i 40 i 5.0 i 10.0
Cp-n, PF! 3.76 1 2.76 i 2.35 | 2.12 | 1.96 i 1.83 i 0.71
Cmos, pFi 20,081 - & - i - 1 - i - 1 1895

2.4, n-p-n transistor measurements
2.4.1. Static parameters of TAl n-p-n test structures

To measure test n-p-n transistor static characteristic
the transistors with breskdown voltage Vce » B.0 V at Ib = 0
and leakage current 10 uA were seiected. The measurements were
made with transistor-and-diode tester 12-70. There are averaged
junctions breakdown voltages shown in Table 2.4, where
Vce - collector-emitter breakdown voltage with base being uncon-

nected, |b = Q;

Veb - emitter-base breakdown voltage;
Vhe - coilector-base breakdown voltage.
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All the breakdown voltages were measured with a transis-
tor-and-diode tester 12-56 at leakage current 10 uA. Averaged de-
pendencies of static common-emitter current gain on <h21E>, typi-
cal individual h21E and difference gain h2le for the tested tran-
sistors are shown too, where

Ic ! dic !
h21E = =-=--1, h2le = ----~ N
ib iUce=Const dib (Uce=Const

Static TAl n-p-n characteristics

0.110.3!10.511.0:2.015.0!1 10! 30! 50

Sample : : ; ! i : b : d
iOperation | Breakdown g : d : i i : ' H
ivolt, /---7 voltage, V | : ' : ' : : g :
Ucb,V/ h21 !Veb! Vcb: Vce!l ' H : ' : : ' H

1 P20 3 V40 5 7 6 77 819 %t 100 11 127 137 147 15
Vafer 1-7

Q6 i 3.0<hZ1E> 5.8 20.0 11.5 25B 255 247 238 221 171 132 6% 51

h=t.5um | 1.0 h21E 1 : 198 183 188 182 179 14% 128 66 34
{1 1.0 h2le J : 185 1B4 178 168 183 124 88 29 15

n=3 ' 3.0 h2iE H : 219 215 207 194 177 140 109 48 20

Ua=13.1V! 3.0 h2le H : 238 230 221 212 188 171 144 86 48

Q4 i 3.0 <h21E>B.8 19.0 11.7 218 228 228 229 224 201 167 107 B4

h=1.5um | 1.0 h21E 150 180 162 163 181 155 146 119 100

n=10 ¢ 1.0 hZle ' 154 166 164 162 158 144 130 93 66
Ua=14.5V! 3.0 hZ21E L
: 176 189 1B8 1B6 180 163 147 106 83

i 3.0 h2le

1 H ] '

§14,n=10: 3.0 <hZ1E>5.8 18.5 11.5 265 261 255 239 221 180 148 102 81
h=1.5um ! 1.0 h21E g : 224 222 217 210 200 151 110 65 -
Ua=9.9V*! 1.0 h2le | : 210 211 208 200 158 106 &7 40 -
Deep ring 3.0 h21E : : 283 275 267 257 238 167 121 78 b4

[} L] 1 1 1 t 1 1 1

- e =i, [ R Iy

g 169 184 185 187 187 177 167 136 116

collector 3.0 h2le 262 260 255 241 178 158 114 48 30

1

Q5 i 3.0 <h21E>5.8 19,0 t11.9 363 326 307 306 280 272 251 181 -

h=2.5um | 1.0 h2lE H H 244 227 220 213 203 190 151 137 120

n=10 i 1.0 h2le ! : 209 212 208 202 196 175 146 109 B85

Ua=11.1V! 3.0 h21E ' H 347 285 271 258 243 228 211 170 -~
1 3.0 h2le ! ' 257 256 248 240 224 205 183 133 111

Vafer 1-6
Q18 13.0 <h21E> 5.8 22.0 12.8 205 211 210 209 205 202 178 184 150
h=1.5um 1.0 h2iE 183 186 185 183 1B1 171 164 135 116

Ua=18.2V13.0 h2iE 211 214 211 209 202 197 160 134 134
3.0 hZie 206 212 211 205 188 190 128 126 100

B e e e P T T P P T P P PP T

*# Ua - Early's voltage
<hZ1E>» - averaged value

n=15 41,0 h2te : ' 180 186 184 181 177 161 150 109 80
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2.4.2. Static parameters of TAZ test n-p-n transistors

The test n-p~n transistors were measured with the next
testers:
# TR-4B0S5 (breakdown voltages Veb, Vcb and Vce)
* 12-70 (hZ1E, h2le, Ua)
¥ 12-68 (Ft)
* E7-12 {Ceb, Cbe, Cecs).
The measuremrnts results are shown in Tables 2.5 and 2.86.

Table 2.5.
Static TA2 test n-p-n characteristics (h=1.5 um, n=10,
ring deep collector)

' le, mA ---> 10.110.310.5:1.0:3.0! 5.0! 10 | BO
Sample : : : } ' ' H ! H
iOperation: GStraw capa-i : H : H ! ' ;
‘volt., /--\ citances, pF! ' | ' ' | : :
Ucb,V/h21/ Cesi Cchbi Cbe! ; ! : | i ! :

1 120 347 4%y 5417 6171819 108 11 12 V13 ¢ 15

N1O 1.0 h21E 2.37 2.04 1.45 102 104 103 102 B8 18 53 24
Ua =16.63V 3.0 h21E ! : 118 119 118 113 87 86 60 34
Veb=24.0 vV 1.0 h2lle ! H 100 103 102 92 74 54 33 15
Vbe= 5.9 V 3.0 h2le ' ! 115 118 117 102 80 64 36 20
Vece=11.4 V
N16 1.0 h2iE 2.26 1.94 1.43 82 85 86 85 70 56 41 20
Yecb=24.5 Vv 3.0 h21E ; : 86 92 92 91 74 60 49 24
Vbe= 6.0 ¥ 1.0 h21e ! : 87 B89 86 B0 56 36 21 11
Vce=12.4 V 3.0 h2le : : 94 96 94 B3 63 37 28 22
Ja=16.8 V
Nia 1.0 h21E 2.22 1.93 1.45 71 74 75 70 69 60 50 26
Ua= 16.2 V 3.0 h21E i ; 76 78 B4 BO 74 68 53 38
Veb=12.0 vV 1.0 h2le H ! 74 76 83 80 57 43 32 16
Vbe= 6.0 V 3.0 h21e H ! 778 82 B6 81 70 45 36 24
Vege=12.2 V .
N20D 1.0 h21E 2.23 1.8% 1.47 93 96 97 97 95 75 52 25
Ua= 17.2 V 3.0 h21E ! H 107 110 110 108 94 B3 60 33
Veb=21.0 V 1.0 h2te : H 98 98 87 80 72 52 36 14
Vbe= 6.0 V 3.0 h2le : : 106 110 111 100 78 64 38 32
Vece=11.8 V

B e i e e e e ke B L T TP S R S, e S ey IS R

Table 2.6
TA2 test n-p-n transistor stray capacitances dependence
on a reverse bias voltage

Urev, VI © 1 1.0 V3.0 15,0
Ceb, pF | 1.83  1.B3 1 1.24 | 1,13 }
Che, pF ¢ 1.85 ! 1.17 | 0.87 | 0.79 !
Ces, pF 2.22 1 1.79 ! 1.51 ! 1,40
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2.4.3. Ft measurements of TAl structures

Unit gain frequency Ft was determined by'measurements of
/h2le/ at high fregquencies Fm:

FI = /h21le/xFn

A transistor-and-diode tester I2-68 to be used for the me-
asurements can measure /h2ie/ <=32 at Fm = 100 kHz, i.e. we were
able to measure Ft up to 3.2 GHz. Transistors with lager Ft up to
9.0 GHz should be packaged to four pin *helicopter-type® pacage.
To test a large number of transistors with Ft < 3.2 GHz during this
test we were forced to set our test devices to 16 pin micropackage
HOL.16-1b, Contact adapter test sockets of used tester can measure
the package of this type at freguency not more than 100 MHz.

The measurement results are shown in Table 2.7, It is seen
that some n-p-n samples demonstrate FI' > 3.2 GHz, so at the next
stages the Ft measurements are supposed to be made with adequate
packaged devices.

It should be noted that the resuits have shown good repeti-
tity for the same device type from package to package. Fit dispersi-
on appwars to be less than 2%, which is no more than the measure-
ment charnel error of the testor itself.

Table 2.7
TAl test n-p-n Ft estimates versus emitter current

Tl T P T
S A3 A S S A Yt R R A S bR A A S R -

Vle, mAID.1:0.3°0.50 1 V3 58 10 1 30 ) 50
Sample R R e oo R fmmmme
v Ueh, W Ft, MHz
---------------- R el e R R B T T TR P
Q€, h=ti.Sum, 1.0 1119 324 530 936 2430 »>32006 3200 1290 6581
=2 3.0 983

P AT Y P S B PR It S

8z 248 396 €81 1600 Z210 2280 >3200 3010

L0
n=10 2.0 . 54 2584 406 704 1690 2360 >3200 >3200 >3200
@S, h=2.5, 1.0 ¢ BB 2498 404 698 1650 2280 23120 3200 >3200
n=10 3.0 ¢ BY 244 405 712 1740 2430 3180 >3200 »3200
Qi8, k=1.5, V1.0 % B2 214 338 613 1280 1720 2280 2680 2210
n=15% + 3.0 B3 222 352 603 1380 1880 2570 3170 3100
Ql4,ring deep c.! 1.0 | 97 264 429 748 1810 2510 >3200 3190 >3200
h=1.3, n=10 i 3.0 1 98 269 437 771 1810 2660 »>3200 3190 >3200

P R R B R R B o P ——
PR e e L R S A - P A E R T A A+ R A - - 5
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2.4.4. Ft measurements of TA2 n-p-n- transistors
est n-p-n transistors noise measurements

TAZ2 test n-p-n transistors‘frequency measurements results
are shown in Table 2.8.

Table 2.8
- TAZ test n-p-n transistor FI measuremrnts results
‘le, mA! 0.1! 0.3/ 0.5! 1:!3 ! 5 1 10 ! 50
Sample LR R R LT L LT EP R b R
\ Ucb, V! Ft, MHz
__________________ \.._...--:_..-..-:-___:--.._l----'----f....___‘..__-.-'__..__
N1Q 3.0 2865 423 124 1660 2240 2940 3000
N16 3.0 266 427 733 1700 2320 3110 3200
N14 a0 ez anz 721 ‘1650 2250 '5565 '3136°
N20 3.0 ;BS 425 728 1680 2270 3010 3080

2.4.5. n-p-n transistors noise measurements

TA1/TA2 n-p-n transistors noise measurements results have
been made in two steps. For the first of all the TAl n-p-n transis-
tors made with design rule h = 1.5 um and placed in packages N 16,
17, 18 {deep ring collector head transistor type with the number of
emitter strips n = 10}, 19 (pins 7-5-6), 20 (7-5-6), 21 (7-5-6),

22 {7.5.8), 27 {7-5-6) {head transistors with n = 10 but of usual
construction) head transistors numbers 20, 22, 27 (14-15-13) and
head transistors with n = 3. Samples N 19 , 20, 21, 27 ( all of
them have pins 21-11-10) are build in 2.5 design rule. These re-
sulits are shown in Table 2.8. The measuremens were spent in the
next conditions: lc = 0.01 mA, 0.1 mA, 1.0 mA, Uce = 3.0 V.

The second stage measurements were conducted with TA2
samples N 3 - 7, 13, 15, 1B, 20. The measurement condittions are
the next: je = 3.0 mA, Uce = 3.0 V. An equivalent biase circuitry
resistance in a base region Reg = 52.5 Ohm. The results of these
measurements are shown in Table 2.10.

e —— e —————rw | mmma! cmememn ! ——w————

, Table 2.8
TAl test n-p-n transistors noise measurements results
Sample i e, ! En,nV/Hz2"1/2} iRbb', |
: Haltabtt {o===-- 1{h21e>! '
! mA | 10 Hz: 25kHz! {0hm !
1 2403 | i 5 LI - B 7
N27, n=3, 11.00 14,34 0.80 210 <B.66
h=1.5 um, 10.10 31.686 1,83 230
pins 14-15-13:0.01 27.70 4.82 210
N27, a=10, 11,00 17.77 0.53 180 <3.80

h=1.5 um, 10,10 17.35  1.59 170

7-5-6 :0.01 31.50 2.18 150

i
!
'
t
1
[}
[}
]
[}
t
1
1
[}
1
1
]

- - - b o | o e



- ———

N=186, n=10,
h=1.5 um,
12-11-10

e Y Y

N18, n=10,

- -

- e | -

P21 3 V4 i 5 N 7
11.00 28.82 1.8 210 182,0

10.10 31.24 2.24 230

10.0t 39.81 2,18 210

11.00 <11.66 1,00 180 35.3

10,10 11.35 1.50 170

10.01 44.86 3.39 150

11,00 11,0 0.71 190 5.4

0.10 18.83 1.59 170

0.01 22.38 4.82 150

1.00 39.88 2.15 190 78.3

0.10 18.3 1.58 170

0.01 25.7 4.71 150

v1.00 38.88B 2,15 190

10.10 18.30 1.58 170 .
10.01 25.70 a.71 150

11.00 41,40 2,428 180

10.10 39.85 11.17 170

10.01

11.00 16.40 0.82 240 16.1

{0.10 29.15 0.86 ‘320

10.01 31.62 5.30 300

11.00 44.13 0.67 240 2.1

10.10 19.93 1.50 320

10.01 39.80 3.59 300

11.00 13.31 0.89 240 22.8

0.10 €63.07 1.64 320

0.0f 56.21 3.98 300

1.00 28.16 1.02 240 37.8

0.10 38.80 1.45 320

0.01 31.60 - 300

11,00 125.88 1.08 250 Ring deep collector
10.10 €63.09 2.3% 270

+0.01 100.00 8.55 240

v1.00 25.11 1.42 250 Ring deep collector
'0.10 28.16 3.91 270

11.00 19.85 1.10 250 Ring deep collector
0.10 34.48 4,69 270

0.0 ' '



_.59_

Table 2.10

The second stage TAZ n-p-n noise measurements

' En, nV/Hz"1/2
Sample e i jmem e Pm=——-- Jmmm——— fm=-—-- lm————-
+f, kHz! 0,01 ! 0,1 | 1.0 ! 10.0 1 25.0
3 v 31,57 2.04 1.46 0.65 0.74
4 i 56.23 2.32 1.50 0.88 0.74
5 v 48,96 4.41 1.40 .11 0.74
6 1 40.73 1.96 1.31 0.74 0.58
7 1 48,41 4.54 2,40 1.03  0.74
13 ¢ 28,18 1.72 1.8 0.91 0.67
15 1 66.08 2.73 1,06 0.83 0.62
18 P 83,10 2.26 1.28 0.%2 0.90
20 ¢ 50,11 2. 46 1.2 0.65 0.865

o e = = e Em = v W% T o MR MR M e e T Em M mm m aw e T I N ED MR e e TR MR M M o T M My e o e oa m
FF3 3+ 3 3 3 3 453 3 44405 54 A5 R g AR iR 3 4 AR g S S S L A2

2.5. JFET tests
2.5.1. TAl JFETs

TAl includes JFETs designed for cascode stages of the
charge-sensitive preamps and the shapers with a bipolar head tran-
sistors., They posses too small capacitance values to make precise
measurements with equipment to be available now (testers f12-56 and
Ji2-48), so at the first stage we were forced to restrict our works
by express analysis only. The results are presented in Tables 2.11%
ard 2.12.

Table 2.11

Mean value pJFET characteristics,, measured with 12-56

EESSIEZSCCCSESSSCCI=SIITESASSSSSSSSEEISTESSSSC=IERSEIN==EESTE=SSsSTS==ssz

Sample g *) 15(Ug=0, | Breakdown voltage,V
'linit,! Uth 1gU=0.1V}]----mmcecmmmmmemeoe
imA ty ‘mA/SY v VUds 1 vgd | Vgs

e e I e - R

- R R o . e e = o ) ) e -

- o e T TP TR Y e me e e B o o
RSN ST ESEZZTII=STSZEIRSESE

Mean value pJFET characteristics, measured with 12-56, E7-12

linit, 5, mA/V 1CgsiCgsub
Sanmple, pJFET, :
h=1.5 um

T T e e e L T T R B R R T T

R T B B X - IO - S

S5 L s R - A A A g B0
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2.5.2. TAZ test JFET static characteristics measurements

pJFET static characteristics, namely the dependences of a
drain current Id on a gate-source voltage Ugs at a fixed drain-so-
urce voltage Uds = 3 V, were determined by a tester TR-4B05, and
in the process a down gate of Versin 2/3 pJFET was biased by a
constant reversed voltage Ubgs = 0, 1.0, 2.0, 3.0 V, taken
from an external voltage supply. An output difference resistance
and parameter L"-1 (1/lambda) were determined by TR-4805 too.
Junction capacitances were measured by E7-12.

Current-voltage characteristics are assumed to satisfy the
next equation:

le = B{1 + LUds)iUth - Ugs)~2 (2.1)
at Uds > Uth - Ugs (2.2)

To get the model parameter B from eg. (2.1) we should
neglect L and fix Ugs = 0. Then we have

Id !
Bl = ----- ; {2.3)

Bl estimate precision is seen from (2.3) to be determined
by Id and Uth measurement accuracy with the latter having the gre-
atest error being measured any one of testers 12-56, A&dd-1 or
TR-4805. So B may be calculated from the next equation:

{1d2y~1/2 - (id1i~1/2 ~1/72 (2.4)
B2

"
~~
L]
t
]
L]
H
)
i
1
1
1
]
]
\
1
]
1
1
1
1
]
]
—

Ugs2 - Ugsl at Uds=Const=3.0 V,

where 1d2, [di1 - drain currents at voltages Ugsl and UgsZ2 respec-
tively and at fixed Uds.
With known B2 we can calculate Uth

Uth = Ugsl + (1d1/B2)"1/2, {2.5)

where Idl - drain current at Ugsl and fixed Uds = Const = 3.0 V,
and pJFET transconductance in its dependence on the drain current

dld
S = ----- = 2(B2»*1d)"~1/2 (2.6)
dUgs

The pJFET unit gain frequency is determid to be

Ft = $/2%Csunm, (2.7)

where Csum - the total capacitance connected to the gate,

g7 - 3,14,



max.

(2.9)
3.0VimA/V
1.0
mA

(2.8)

ma

0.53 1.20 2.85

0.63 1.41 2.89

S{Uds

t
+
[l
i
[}
1
[}
3

0.37 0.54 1,22 3.28

0.46 0.60 1.36 3.16

. . 0.59 0.68 1.53 3.00
4.9 5.0 30.0 0.300 0,27 0.47 1.0S5 2,89
0.70 0.75 1.67 2.80

Table 2.13

TA2 test pJFET static characteristics measurement results
mA/10.2

i B2,
0.35
0.50

- 2.9 parameters are

mA/
VA2Vt

v

2.5 23.1 2,736 2,09 1,29 2.89 11.96

Version 1 pJFETs
15.0 10.1 5.8 2.5 24.3 2.400 2.14 1,31 2,93 11.33
15.0 10,1 6.0 2.5 23.3 2.400 2.14 1.31 2.93 11.33
16.9 11.2 6.7 2.5 22.9 2.704 2.28 1.35 3.01 14.40

17.1 11.8 7.1

Version 2 pJFETs
5-6-7 0.0 5.0 7.5 6.2 5.5 30.0 0.287 0,26 0.45 1.02 3.06
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v

3.0, mAIUthIL"-1! B1,

1.7 ©€.7 2.0

2.14.
10.5Vi1.0v)

t

19.3 13.5 8.4 2.6 19.1 2.855 2.24 1.34 2.99 13.15
18.9 13.3 8.3 2.6 20.5 2.8B00 2,15 1.31 2.91 11.32

2:6

S/2%(Cgsb + Cgs!.
oV

v
1.0 7.2 6.8 4.3 4.1

Udngs i id(Uds

3.0
5-6-7-8 0.0 7.4. 6.2 5.0 4.8 29.6 0.328 0.23 0.43 0.88 2.62

Ft

Ft = S/29Cgs
15-14-13
5-6-7-8 0.0 7.5 6.1

N10,15-14-13
15-14-13

15-14-13
N19,15-14-13

N19,

The versions 2, 3 unit gain freguency equals
pins

Measured and calculated according egq. 2.3

For version 1 pJFET we have
shown in Tables 2.13,

N17,15-14-13

Sample:
N,

NG,

N4,

N3,

M1,

N2,
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Table 2.14

TAZ test pJFET unit gain frequency measurement results

[]
]

Ft

120
120
182
127
139
120
157
133
146
137

1
1
¥
L)

Uth, V
calcu-
lated
4,38
3.3 3,47

5.5 6.12

2.5 2.65
2.5 2.65
2.5 2,72
2.5 2.B86
2.6 2,93
2.5 2.86
Verion 2 pJFETs ---l1--==-l-w-=~
5.5 5.88B
4.8 5.68
3.3 4,08
2.5 2,99
2.0 2.07
5.0 5,57

iUth

_62..
{Cgsb>

9.20 B5.78
.10

<Cgd>
3

12
Verion 3 pJFET

g.27
N3,2-3-4-18 0.0 3.4% 3.55

i Version { pJFETs !
3.

(=& N el
Mo

Udgsi<Cgs>

5-6-7 0.0

3

15-14-13
15-14-13
15-14-13
14,15-14-13
5-6-7-8 0.0
5-6-7-8 0.0 3.12 3.10
5-6-7-8 0.0

19,

17,15-14-13
10, 15-14-13

Sample
6,

4,

3,

N1,
NZ,
NB,

126

L R
T M Oo
NN ON
mn o ww
Sl MmN

N . T

. wm e -

110

2.0
3.0

2-3~-4-16

N18B,

136

5.0 5.33
2.0 2.22
The results are shown in tables 2.15 - 2.17,

Noise levels were measured for all the three versions

2.5.3. TAZ test JFET noise measurements
of the TAZ test JFETs.
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Table 2.15.
Connected gate (Version 1) pJFET noise (Uds = 3.0 VI

Gate biasing circuit spectral

: En, nV/Hz"1/2
Version 1 samples |- ———- fm———-- === f———=r= e HEE TR
+f, kHz! 0.01 1 0.1 1 1,0 ! 10,0 ! 25.0
vId, mA! i : : :
3 1 19.3 ! 31.15 15.B4 4.46 1.88 1.89
4 V17.1 1 29,17 8.51 2.31 1.75 1.60
5 V17,4 % 46,77 16.40 3.75 1.77 1.75
6 i 15,0 | 35.48 15.84 7.07 3.16 3.16
7 P 17.3 1 32.73 7.41 3.31 1.89 1.99
10 16,9 1 46,77 10,47 3.93 i.84 1.84
13 i 16.2 1 30.01 16.78 5.7B 3.31 2.69
15 1 17.9 3 27.22  7.94 3.63 2.37 1.89
16 { 18.0 ' 46.77 10.23 2.29 2.11 1.54

lcalculated), i
nV/Hz"1/2 H

B e s i L L e T R I P T

density (calculated), nV/Hz"1/2 1.33
Table 2,16
Double-gate {Version 2) pJFET noise (Uds = 3.0 VI
Down | : En, nV/Hz"1/2
Version 1| samples igate v,------ im=m--- jme==-- {=====- pe---- pmm—mmm
' 1Udgs,Vif, kHz! 0.01 ! 0.1 : 1.0 1 10.0 i 25.0
' i1d, mAl ; ' i |
4 V0.0 T 7.6 1 72,28 20.18  6.91 4.16 3.3l
¢ 2.0 ¢ 4.4 1 56,23 15.48B 5.B2 2.63 2.63
5 ¢ 0.0 .5 1 88.12 27.88 8.70 4.37 4.07
2.0 1 E,0 1V 75.B5 14,79 6.09 3.98 2.186
10 i 0.0 1 7.8 ¢ 47.31 28.17 B8.22 3.71 3.63
1 2.0 | 4.6 ! 565.87 2B.91 9,886 5.24 5,62
16 0.0 1 7.8 1 79.43 24.26 10,14 6.53 4.62
i1 2.0 ' 4.4 1 65.00 20.65 10.00 4.73 4.48
Gate biasing circu- 0.0 ! ' 1.81
it spectral density 2.0 | 1.57
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Table 2.17.
Double-gate (Version 3) pJFET noise (Uds = 3,0 V)

iDown | IdMAN\FS En, nV/Hz"1/2

Version 1 samples lgate v,------ f————-- im—m--- Poe---- {~=—--- fm==---
iUdgs,Vif, kHz2! 0.0f | 0.1 | 1.0 1 10.0 ! 25.0
! i Id, mA!l : : ' }

4 ' 0.0 + 8.0 ¢ BB.10 19.72 6.76 3.98 3.50
2.0 7 4.7 1 31.26 11.61 3.07 3.08 3.12

5 i 0.0 + 8.5 1 B6.09 23.17 g.88 3.31 3.05
1 2.0 1 5.0 ¢ 26,91 11.22 3.54 2.63 2.37

10 ' 0.0 1 B.0 ! 74,13 18.85 5. 3.75 .23
P 2.0 7 4.7 1 23.44 13.33 2.B8 2.48  2.4B

16 vy 0.0 1 8.2 i1 69.18 19.05 B.51 3.71 3.30
V2.0 7 4.7 0 34.27 14,45 £.43 4.07 2.78

Gate biasing circu- 0.0 | 2. 44

it spectral density 2.0 | 1.57

{calculated), ' i

nV/Hz"1/2 ; !

2.5.4. TA1/TA2 pJFET constructions comparison
To compare the different type PJFETs to have been made
on TAl and TA2 the corresponding weasurements results are given
in Table 2.18 together with the supposed values.
Table 2.18

Desired 1.4 0.95-1.2 2-3 14  9,0-10.0 2-3
TAL 1.38 0.767 2.7 - - -

SN e memee e o e R fmmmmmmfmmmme R fmmmmmm
TA2 2.4 1.4 2.5

2.6. Discussion of results

2.6.1. Both n-p-np and pJFET head element transistor construc-
tions to be designed with the combined BJT-JFET technology meet the
design requirements but without the necessary technology reserves
(10 - 15)1%. . e :
2.€.2. The TAZ head BJT has the same frequency characteris-
ticz as the TAl one has also the technological process to be used
fcr TAZ production should provide Ft by 16% less.



-65..

2.6.3. The powerful pJFETs appear to permit to measure Ft
more precisely. The connected-gates construction possess Ft = 120 -
150 MHz compared to 35 MHz for the low power TAl pJFETs.

2.6.4., All the TA2 resistirs have too large values on the
average about 60% above the desired values.

2.6.5. The ring gate pJFET construction is found to have
low yeild.

2.6.8. T h e mos t promising re-
sul ts happen to belong to the double-gate pJFETs being
controlled by the upper gate and with the drain current set by the
down gate. In this case it is possible to keep the maximum trans-
conductance and hence Ft practically constant whereas the drain
current decrease can be rather significant. For example, look at
the next table.

Table 2.18
The double-gate pJFETs parameters at different Id
T iersion 1 1 Version 1 Version 2 | Version 3
. oma ¢ 8.0 & 40 1 325 1 491
(Sman>, mA/VI 5.9 | 5.8 1 2.1 i 3.14
(Ft>, mHz i 62 i 62 i 149 i 143

2.7. About an opportunity of using of CMOS technology,
available in Minsk, for CS5P/shaper tasks

2.7.1. Test MOSFET structures

Ve have made an attempt to answer the question, did the
digitai CMOS technology, available in Minsk, provide the noise
reguirements to be need for C5C preamplifier, For such a purpose
a set of test MOSFETs have been producted. There are n- and p-type
transistors of different channel length L {(design rule) and width
V. The maximum test MOSFET channel width equals 2240 um with L =
1.8 um to be comparable with those of AMPLEY CSP (W/L = 3000/3
for the CSP POTA and 2000/3 for shaper NQOTA). The test MOSFET
structures are shown in Table 2.20.

Table 2.20
Test MOSFET structures

E C E m e o o E m e o e e I ST MR s e I AT mr e e am R e e R R B R e Y S SNk o o B A e o e L e e e o o A e e
R A R S i et A A A s i i i Y A A A 3 T T 1 7 T

Channel length L, um

e e ey -

Channel width W, um

B R I e L T T O R, B

Test MDSFET structure wafer consisted of 16 die modules
to be placed and labelied in accordance with Table 2.21.



Table 2.21
Dies' placihg and marking in the test wafer module

P Y T L T T T
At r it -t it

¢ AC v AC i G v AC '
v 157 ¢ 158 1 157 ¢ 158 !
¢ AC : i AC ' ;
i D4 14 v 34 i 8 g
i AC i AC ! AC : :
v 267 1 258 1 257 1 THM )
T AC i v AC i !
! 86 P12 . BB i 10 :

- e M e e e A o A e s R M e M N o TR Er o mmw
R = 5 S B R

Modules 14, B and TM were packapged and wired like shown in
Table 2,22,

Table 2,22

Test MOSFET structure wiring and marking
Package @ Pin No ! Wafer | Module | Cond. | W/L
number id | g! sisb! number | number : type !
1-10 2 5 7 09 8 P 60/50
11-20 2 5 7 09 8 p 160/1.8
11-20 10 13 1S 09 3 p 160/5.0
31-40 2 5 7 8 08 14 n BO/50
41-50 2 5 7 8 08 14 n BO/Li.4
51-60 2 5 7 05 T™ p 2240/1.8
51-60 10 13 15 09 ™ n 1120/1.4
71-80 2 5 7 8 20-08B 14 el 80/1.4
81-90 2 5 7 20-08 B P 60/50
81-100 2 5 7 20-08 B P i60/1.8
101-110 2 5 7 20-08 ™ p 2240/1.8
61-70 2 5 7 8 20-08 14 n B0/50
71-80 10 13 15 8 20-08 14 n 80/5.0
51-100 10 13 15 20-08 B P 160/5.0
101-110 10 13 15 20-08 ™ n 1120/1.4
===sz=z='l=z'=ssl==)selz2ss==ssl=sszesss | =sss==5 | ==5szz===szs=z==x

2.7.2. MOSFET static parameter measurements

Static MOSFET parameters measurements were performed with
use of & tester 12-56 at biase/supply voltages shown in Fig.2.1.

+Ud
] € T
d s
-Ug ]

sh sb

| —— —>—

+Ug l s § sl
-ud

nMDSFET oMOSFET

Fig.2.1. MOSFET bias/supply voltages used during the test



L™ N
The next characteristics were measured:
& common-source drain MOSFET characteristic (Fig. 2.23.)

Id = f(Uds)! 12.10)
‘Ugs = 2.0, 2.5, 3.0V

and » transfer MOSFET characteristic (Fig. 2.2b)

Id = f(Usd)! (2.11)
iUdg = 0
al ' b)

:[d, mA * V1d, mA ¥

! * Ugs=3.0V '

H / ' ! *

) / Ugs=2.8V H

' / ' : *

N Ugs=2.0V :

I : : *
OuA_i/ Ugs=Uth R *

- H H ¥ !

0 2.0 Umax Uds,V 0 Uth Ugs, V

Fig.2.2. Drain (a) and transfer (b) MOSFET characteristics,
measured during the test

The characteristics were used to determine the next MOSFET
parameters:

- a threshold voltage 'th from Fig.2.2b as

Uth = Ugs!
i1d = 10 vA, Udg = 0 V
or from Fig.2.2a as
Uth = Ugs:
ild = 10 vA, Uds = 2.0 V

- maximum drain-scurce voltage at which the drain current
begin to rise sharply along the curve of Ugs = 3.0 V (see Fig.2.2al.
The results of the measurements are listed in Table 2.23.

Table 2.23
MOSFET static characteristic measurements results
Sample, pins, ¢ 1d(Uds=2.0V},mA | v 1d{Ugd=0.0V),mA iUth,ViUds:
type, size im——-- im——-- jom——- ! e e P le=m=- \ at  imax,
tUgs= lUgs= iUgs= I1L"-1 iUgs= lUgs= ilUgs= | 1d= ! }
12.0V 12,5V 13.0v 1 ¥ 12.0V 12,5V 3.0V ! 10uA! ¥V |
1 V2 3 v 4 5 LB ¢ 7 0B Y9 110
N2, 2-5-7,
P, 60/50 0.017 0.042 0.075 0.030 0.07 O0.:12 1.70 10
N3, 2-5-7,
P, 60/50 0.034 0.064 0.112 0.054 0.10 0.16 1.30 10
H81, 2-5-7,

Ps 60/50 0.017 0.041 0.074 0.034 0.07 0.12 1.70 10



2-5-7,
160/1.8
2-5-7,
160/1.8
2-5-17,
180/1.8
2-5-7,
160/1.8
10-13-15,
160/5.0
10-13-15,
160/5.0
10-13-15,
80/5.0
10-13-15,
80/5.0
10-13-15,
80/5.0
10' 13‘15:
80/5.0
10-13-15,
1120/1. 4
10-13-15,
1120/1. 4
10-13-15,
1120/1.4
10-13-15,
1126/1.4
10-13-15,
160/5.0
10-13-15,
186/5.0
2-5-7,
2240/1.8
2-5-7,
2240/1.8
2-5-7,
2240/1.8
2-5-7,
2240/1.8
2-5-7,
2240/1.8
2-5-7,
80/50
2-8-7,
80/50
2-5-7,
80/50
2-5-7,
B0O/50

P
N85,
P
NO5,
Bs
NS7,
D,
N74,
n,
N73,
n,
N4s5,
n,
N4&3,
n,
N103,
n"
N1Q7,
n,
N51,
a,
N55,
n,
N1E,
P
Nil,
B
N51,

18.

0.

0.

34

0.0286

0.028

0.029

0.024

.42

.40

.95

.90

.80

.75

5

22

20

—rmwma | - ———-

.84 .34

.78 .18
.05 .50
.00 .80
.75 .50
.60 .70
48 76
46 73
42 67
40 65
g.52 0.92
0.50 0.50
£8 B4
42 67
47 a7
72 104
63 84

0.068 0.128
0.072 0.134
0.070 0.127

0.052 0.077

44,
38.
21.
39.
46.
40.
18.
24.
283
32.5
46,0
45,0
12.6
13.4
10.9
9.4
10.1
182

167.5

-

-

[+2]

i.
40
32
30

30

.4
54
50
50
80
68
0.050
0.050
0.050

0.100

7 1 8 !
0.10 0.16
3.5 5.7
3.5 5.7
6.7 9.5
5.8 8.8
1.35 2.0
1.25 2.0
3.0 5.0
3.1 5.2
2.6 4.5
2.5 4.3
50 110
4 100
Ly 80
58 80
0.9 1.4
0.8 1.4
86 124
83 120
88 130
100 130
104 144
0.12 0.220
0.125 0.225
0.120 0.330
0.190 0.325

9 ; 10
1.25 10
1.05 10
1.10 10
0.75 ¢
0.8 9
0.9 8
0.9 9
1.0 6
1.1 6
1.1 6
1.05 6
0.8 5
0.8 5
0.8 5
0.8 B
1.2 8
1.2 9
0.7 8
0.8 8B
0.8 8
0.6 8
0.75 8
1.4 6
1.4 6
1.5 5
1.2 8.5



1 T2 7 3 v 4 v 5 16 V7 1 8 1.9 110
N36, 2-5-7,
n, 80/50 0.024 0.056 0.085 0.100 0.200 0,325 1.4 6.5
N&3, 2-5-7,
n, gos1.4 1.2 2.5 4,15 27.0 1.8 3.7 6.2 1.0 6
N4S, 2-5-7,
n, 8os1.4 1.2 2.6 4,35 26.1 2.0 4.0 6.5 1.1 6
N73, 2-5-7,
f, 80s1.4 1.2 2.25 3.35 27.9 2.4 4.6 7.3 1.0 ]
N74, 2-5-7,
n, Ba/1.4 1.5 3.15 5.0 25.0 2.3 4.8 7.3 t.0 8

It is known that the MOSFET Volt-Ampere characteristic in
a large output difference-resistance region is described by the
next eguation:

Id = B(1 + LUds)ilgs - Uthx)"2, (2.12)

Uds > Ugs -~ Uths {2.13)

Eq. (2.12) is used to simulate MOSFET with PSpice. By assu-

ming that Uds = Const one obtains PSpice model parameters

{1d2)71/2 - (idi)~1/2

- 1-2 (2.14)
Ugs2 - Ugsi

Uths = Ugs - (1d1/B}~1/2 {2.15)

5 = 2{Bidi~1/2, {2.16)

where 1d1, 1d2 - the MDSFET drain currents at Ugsi, Ugs2 > Uths
and Uds = Const > Ugs - Uth# (for example, at Uds = 2.0 V) res-
pectively, )

did !

S = --- - MOSFET transconductance, which depends

dUgstUds=Const

on the drain current.

The parameter L can be calculated from eq. 2.12 taking into

account the condition Ugs = Const:

1d2 - Idi

L = <mmcmcmmmcmmmmen , (2.17)
(Uds2 - Udsi}ldl

where idZ, 1dl - MOSFET drain currents at Ugs > Uth#, Ugs = Const
and Udsi, Uds!l > Ugs - Uth,

The values of B, Uth*, 5 and L*-1 calculated from the meazuremant
data, are listed in Table 2.23 too.
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2.7.3. MOSFET nouise measurements

MOSFET noise spectral density En was measured in frequency
points f = 10Hz, 100 Hz, 1 kHz, 10 kHz and 25 kHz. [t is believed
to be the most informative noise characteristic because its using
gives the poscibility to calculate r.m.s. noise voltage Un in a
freguency band f1 - f2

£2
Un = I[lEn)‘Qdf]“l/E (2.18)
f1
The dimension of En is V/Hz"1/2.

The noise spectral density measurements were performed ac-
cording the block-circuit shown in Fig.2.2.

i
: DC
— supply
10k
d 5.6k . .
Fsub
r—- Amplifier Analyser
Ubias £ Ku=58 dB HP3582A
{
g 1

I
ol

Fig. 2.2. Block-circuit of the noise measurement bench

To measure noise the next experimental! procedures were used:

2.7.3.1. The MOSFET voltage gain Ku is determined for given
frequency region f2 - fl.

2.7.3.2. An output noise voltage Unos at frequency f is
measured provided that the MOSFET input is shorted out. Then

\

En = —meommmmmmmame , (2.19)
Kutf2 - £1)~1/2

where f2 - f1 is a spectral analyser bandwidth for Hewlett-Packard
device HP3582A at the measurement frequency.

To provide the AC short-circuit regime at the input the
impedance of the Input capacitor should be extremely low, i.e. the
value of its capacitance should be very large.

The noise cpectral density results estimated with eq. (2.15)
are listed in Table 2.24.
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Table

The MOSFET test structures noise measurements results

Sample, pins

1
N2, ¢.‘5‘7
B, 60750
N3, 2-5-7
Py 60/50
NB1, 2-5-7
P 60/50
N82, 2-5-7
P 60/50
N15S, 2-5-7
p, 160/1.8
N1G, 2-5-7
p, 160/1.8
NO7, 2-5-7
p, 1B80/1.8
NS5, 2-5-7
P, 160/1.8
N95,10-13-15
p, 160/5.0
N97,10-13-15
p. 160/5.0
N74,10-13-15
n, 80/5.0
N73,10-13-158
n, 80s5.0
N45,10-13-15
n, B0/5.0
N43, 10-13-15
f, 80/5.0
103,10-13-15
n, 1120/1.4

107,10-13-15
n, 1120/1.4
N51,10-13-15
n, 1120/1.4
N55, 10-13-15
n, 1120/1.4
N15,10-13-15
P, 160/5.0
N11,10-13-15
p, 160/5.0
N51, 2-5-7
p, 2240/1.8
N55, 2-5-7
p, 2240/1.8
N103, 2-5-7
p, 2240/1.8

i B, Uth%:
: 1eqg.
U omA/ (2.15)
A S I
P2 13

0.0206 1,09 0.128

0.0226 0.77
0.0201 1.08
0.0226 1.08
0.613 0.79
0.613 0.79
0.560 0.02x
0.606 0.28%
0.260 0.73
0.208 0.56
0.964 1.08
1.010 1.03
0.854 i.OB
0.620 0.91
14,58 0.72
14.85 0.78
13.80 0.80
14.20 0.86
0.240 1.04
0.252 1.11
11.12 0.37#
13.00 0.73

0.039 1.18

0.

0

0

0

3

3

3

3

0

0

2

3

0

135
.127
.134
. 700
.700
.657
.698
. 458
. 408
.878
. 890
.874
.704
. 420
. 450
.320
. 370
.438
. 448
.980
.220

.178

1.57

1.57

1.45

1.56

1.02

0.89

1.98

2.0t

1.85

1.58

7.64

7.71

7.43

7.54

0.98

1.00

€.67

7.21

1259

784

1122

15600

501

562

31623

31623

1412

2818

512

631

414

506

501

502

1585

224

354

224

398

447

200

158

19985

1000

447

1600

316

178

212

248

200

100

447

100

100
100
100
112
71
100
1178
1178
141
398
71
71
40
58
50
32
28

25

25.1
22.4
31.86

37.8

15.8
446.7
446.7

56.2
112.2

20.0

22.4

15.6

18.3

22.4

17.7

17.8

10.0

15.

17.

22.

22.

14,

11,

2B1.

177.

31.

63.

14,

12.

10.

14.

20.

11,

27.



F

e  ——— | i A M mwElr e e A mest meemme  eccses ] s crma pm—

1 2 +3 ¢+ 4 5 1.8 4V 7T 4+ 8 1V 9 110

NG64, 2-5-7

n, 80/50 0.040 1.16 0.178 -
NBS, 2-5-7

n, 80s/50 0.035 1.08 0.166 -
N34, 2-5-7

a, 80/50 0.015 0.73 0.110 -
N36, 2-5-7

n, B0/50 0.019 0.87 0.122 -
N43, 2-5-7

n, g0/50 0.888 0.84 ¢©.Bas 1.B9% 3162 1122 355 125.9 79.4

n, 80/1.4 0.940 0,85 0.867 1.94 1885 891 251 8.4 44,7
NT73, 2-5-7

n, 80/1.4 0.541 0.51 0.658 1.47 3881 1585 S62 354.8 158.%
N74, 2-5-7

n, B80s/1.4 1.030 0.80 0.808 2.03 15848 5623 1778 316.2 177.8
N10Z, 2-5-7

p, 2240/1.8 22.50 1.03 4.240 9.49 3881 1995 759 354.8 199.5
N103, 2-5-7

p, 2240/1.6 12.73 0.14% 3.180 7.14 17782 7080 4466 707.0 560.0
N1D7, 2-5-7

p, 2240/1.8 14.984 0.49% 3.416 7.73 200 83 20 11.9 11,2

2.7.4. Conclusions

Analysis of MOSFET test structure measurement data given in
Tabies 2.23 and 2.24, as applied to using investigated digital CMOS
technology available in Minsk, allows one to draw the next conclusi-
ons:

2.7.4.1, n-type MOSFETs have low allowabie source-drain vol-
tage ahout 5 - € V which restricts IC supply voltage by approximately
+/- 5 V boundaries. To increase the supply voltage one may use some
traditional measures such as cascode MPOSFET connections, internal
biasing circuits, but all of them don't permit to increase the al-
lowable input/output in-phase signal region for analog IC.

2.7.4.2. Short-channel pMOSFETs have low difference resis-
tivity {full parameier L"-1} which restricts usual amplifier cir-
cuits gain.

Ku' = Spmos#{Routpmos u Routnmos) = Spmos{-~-=------ B -------- }
’ Lpmosid LnmosId

(See Fig.2.3a.)

Ku''= Spmos#*{Routpmos u 5 k) = Spmos(--~------ S k)
Lpmosld

(See Fig. 2.3b.)

NOTE. The small values Uth#, marked with asterix "*" it Table
2.24, illustrate large errors of the transistor threshold value deler-
mination. '



Uin Uin
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Ubias
|
N V- al): b}

Fig.2.3. Test MOSFET connection: alcomplementary circuit,
b) resistor load

Short-channe! pMOSFETs and nMOSFETs have at 1d = 1 mA
Lpmos®-1 = 9 ¥ and Lnmos”®-1 = 25 v, Spmos = 1.5 mA/V. Then

Ku' = 1.5 mA/VII(8 V/1 mA)"{ZS V/imA)l = 10.0
Ku''= 1,5 mA/VE(9 V/] mA)“Sk] = 4.84

for long-channel pMOSFETs and NMUSFETS with 1 = 5.0 um at
Id = 1 mA we have Lpmos~-1 = 40 V, Lnmos~-1 = 40 V, Spmos = 1.0mA/V
and

Ku' = 1.0 mA/V[40k"40k) = 20.0
Ku*'= 1.0 mAIV(&OkHSk) = 4,44

2.7.4.3. Shot-channel MOSFETs (] = 1.B uml) in the average
have 2.5 - 3.0 times larger flicker noise than long-channel (1 =
5.0 um) ones while their channel white noises are approximately the
same at the 25 kHz.

2.7.4.4. Among the equal channel-length p- and nMOSFETs
pMOSFETs have noise levels approximately 3 - 4 times less at 100 Hz.

2.7.4.5. Short-channe! MOSFETs of the best construction
{§ = 6-8 mA/V at 14 = 1 mA) have rather large channel noise En = 10-
15 nV/Hz"1/2. For comparison pJFET of the same transconductance has
En = 2-4 nV/Rz"1/2, and En = 7-8 nV/Hz"1/2 for 5§ = 0.5 mA/V.

2.7.4.6. Similar foreign AMPLEX MOSFET structures /1/ have
significantly better noise parameters:

- flicker noise at 100 Hz - 17.3 nV/Hz"1/2

- thermal noise at 100 kHz - 4.8 nV/Hz"1/2.
Nevertheless taking into account 3.7 times larger AMPLEX head
pMOSFET size 5000x3= 15000 sq.um as compared with 2240x1.8 = 4032 sqg.
um for our largest test MOSFET structures, one may suppose flicker
noise levels about 24.0 - 27.0 V/Hz"1/2 1itc be for the best samples
if they would have the same square as in AMPLEX. The flicker noise
iz assumed to be redused by further modernisation of the existing
MOSFET techology.
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3. IC PARAMETERS MEASUREMENTS RESULTS
3.1. The measurement methedic

The main parameter of the preamplifier, crucial for the detec-
tor resolution, is the equivalent neise charge (ENC), The experimental
noise measuring bench was created for the ENC measurement.it's block-
diagram is presented on the Fig.3.1. The noise measurements were made
according the peak detector methodic with a sample oscilloscope used
as the peak detector. A measurement bench is based on ABM PC AT-286
and CAMAC. The measurement bench is operating in a following way. The
measurement cycle is initiated by computer. The computer commands the
output register, installed in the CAMAC crate, to generate the start
pulse for the generator £1-15. The generator gives out the voltage
pulse with front edge 250 psec, which goes through the attenuator
TT&4132/C to the calibrated capacitor, connected in series with the pre-
amplifier input (the electric circuit of the readout channel prototype,
used in ENC measurement, is presented in the Fig,3.2). The capacitor
acquires the electric charge

Q= C mrmmmmeme (3.1)
10~(K/20)

where C is the calibrated capacity, F;
U is the pulse amplitude, V;
K is the attenuation factor, dB.

The signal from the preamplifier, shaped by the shaping ampli-
fier (see Fig. 3.2) comes to the input of sampling oscilloscope. The
sample and hold device (SHD) of the sampling oscilloscope CK7-1B8 gets
the amplitude of received signal and holds it for some time. From the
SHD the signal i1s put to the 12-bit ADC &e-71, installed in the CAMAC
crate, The digitized signal then is being read by computer.

The measurement cycle described above is being repeated cver
and over again. The result is the amplitude spectrum. When there are no
parasite oscillations and other distorting factors the acguired spect-
rum has a gaussian shape. Two amplitude spectra, acquired with diffe-
rent values of attenuation factor, are necessary to get one value of
ENC. The attenuation factor is set by means of programmable attenuator,
controlled by the computer. The charge-to-voltage conversion coeffici-
ent ¥ is calculated with the next formula:

K = === 13.2)

where Q1 and Q2 are the input charges for two different attenuation
factors, calculated with formula (3.1), whereas U1 and U2 are mean
amplitudes of the system response. Ul and U2 are calculated by fitting
the acquired amplitude spectra with gaussian by maximum |ikelihood me-
thod. The second parameter of the fitting procedure is the standard de-
viation sigma, which is used further for calculation of equivalent no-
ise charge:

ENCr.m.s5., = ~=-%-=- (3.3}
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Fig.3.1. Experimental setup for ENC measurement
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The value of ENC, calculated with formula (3.3), describes the
full noise of the system. To get in consideration the noise of the mea-
suring tract itself one have to perform the measurement of sigma_tract
with the preamplifier turned off. The sigma_tract is being calculated
with the same fitting procedure mentionsad above.

Then the response amplitude standard deviation of the preampli-~
fier itself is calculated:

4
@'preamp = | (’)\full“z - (')\tract“Z} /2 (3.4)

Putting the calculated value of sigma_preamp into the formula
(3.3) one obtains the ENC of the preamplifier itself.

The calculated value of the ENC together with some auxilary in-
formation (the charge-to-voltage conversion coefficient, the detector
capacity, the shaping time etc.) is being wrote to the computer hard
disk, where the information about tested iot of IC's is being accumula-
ted.

When all measurement are finished, the program of format trans-
formation makes file in the GRAPHER format for the visual interpretati-
on of the measurement results.

3.2, The BJT version IC measurements results

Electric connection circuit of the BJT version channel 1 of
CSP/Shapers 1C to measure ENC is drown in Fig.3.2. An CSP input head
transistor of the first channel is supposed theoretically to have Rbb'
= 93 Ohm. A C5P output signal comes to a S5 input with time characteri-
stics determined by capacitances C7, CB and resistors RS, R6. The valu-
es to be used in the test circuit form Tp = 300 nsec. The filtered sig-
na!l trough the buffer amplifier (transistors VTl and VT2) comes to the
sample oscilloscope SO Ohm input.

Three external elements are connected to CSP and S§S. The capa-
citances C4 and C7 shunt high frequency oscillations which may have
arisen at the cascode and reference JFETs' gates. Resistors R3 and R8
set drain currents of common gate stages. The drain curents may have
values 100 - 200 uA. The cascode JFET drain current increasing causes
the channe! dissipated power to increse, and the curent decreasing cau-
se the JFET transconductance to decrease and consequently to decrease
the circuit gain and speed. Resistors R4, R5 and RS regulate the CSP/SS
head transistor currents. The values of resistors shown in Fig.3.2.
give the possibility to change this currents in interval 0.5 - 1.0 mA.
The current lower boundary restriction is caused by the fact that the
JFETs' gate voltage can't be more positive than +6 V. The upper bounda-
ry current restricion is due to transition of the cascode JFET to resi-
stive operation region at larger values of the current. All the noise
measurements have been made at the head transistor collector current

-equal 0.61 mA. This current value corresponds to minimum ENC for the

most of CSP chips as exemplified by a drawing in Fig. 3.3.
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Fig.3.3. ENC versus input device
standing current
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In Figs. 3.4 - 3.6 are shown the output signals of the C5P, 5§
and FS. The slow shaper peaking time Tp = 300 nsec. In such conditi-
ons the dependence ENC = f{Cd) was measured for both channels of five
chips. The curves are presented in Figs. 3.7, 3.8. It is seen that the
channel 1 CSP with the head BJT Rbb' supposed to be equal 53 Ohm has
ENC about 200 - 300 e- more, than this for the channel 2, whose input
transistor Rbb' has supposed to be equal 15 Ohm. The slope of the curve
ENC = f(Cd) is approximately the same for all the chips and is equal
to no more than 8 e-/pF for most of the chips (7e/pF for the best
one, see fig.3.9).

The CSP and 55 open loop voltage gain estimated in the test is
equal Kv = 800,

The power dissipated in one channel! (CSEP+S5+FS) is measured to
be equal Psup = 67 m¥W. This value is one third less again the specified
one due to the less head transistor collector current optimised for
ENC.

In Figs.3.10, 3.11 are presented ENC histograms of 51 and 57
chips for the first and the second channels respeéfi_\rel‘ el Cd =400
pF to compare the noise characteristics of the two channels. The histo-
gram area of the first channel input device is less than that of the
second channel.,

3.3. The JFET version IC measurements results

The electric circuit of the JFET version channel! 1 connection
for ENC measurements is presented in Fig. 3.12. In this circuit the
slow shaper is connected as an integrator, the fast one - as a differe-
ntiator. This configuration is explained by the unsufficently low gain
of the JFET version CSP which forced us to achieve an additional gain
in the shaper stages. The peaking time Tp = 300 nsec, shaper's gain is
10. The buffer amplifier made of transistors VTl and VT2 transmits the
gignal to the 50 Ohm impedance sample oscilloscope.

In fig., 3.13 the first channel ENC dependence on a detector ca-
pacity is shown. The head JFET there has larger size and larger gate
capacitance (about 10 pF) and hence better capacitance matching. ENC
for this case is substantially lager than for the BJT version and can
be represented as ENC = 3300e + 20e/pF at the interval of Cd = 0 - 220
pF.

) The second channel has the head CSP JFET of less size and gate
capacitance {about 6 pFl. Its noise is estimated to be egual ENC =
4400e + 27e/pF. The preamplifiers of all the two channels have open
loop voltage gain not enough to be used as a charge-sensitive preampli-
fiers for C5C muon detectors: Ku = 57 for the first channel CSP and
Ku = 30 for the second one.

The output signals of the preamplifier and the signal path
shaper are shown in Fig. 3.14.
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Freamplifier response, Channel 2,

Vin=100 mV, Cin=1pF, Cd=100pF.



_81_

Fig. 3.5. Response of the circuit,
presented on the Fig 3.2, Channel 2,
Vi=180mV, Cinz=1pF, Cd=10@pF.
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Fig.3.6. Fast shaper response.
Channel 2.
Vin=109mV, Cin=1pF,Cd=10@pF.
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Fig.3.8. ENC versus detector capacity
(second channel)
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Fig.3.9
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Fig.3.13. ENC versus detector capacity
for the first channel of the JFET
version of IC |
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SaV cmo; S0ns

Fig.3.14.a. Preamplifier response, JFET version
Channel 1, Cd=108pF, Cfb=Cin=1pF, Vin=1@mV.

Fig. 3.14.b. Slow shaper response
for Vin=100mvV, Cd=100pF.
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The Pspice simulation with the mentioned above refined element
parameters gives gain value 42 as it is seen from Figs. 1.16, 1.17.
The low copen loop voltage gain causes the the strong conversion factor
dependence on a detector capacitance Cd to be evident from Figs., 1.14
and 1.15. Connection a capacitor 100 pF to the input of the CSP leads
to one third degradation of the CSP output signal. The open loop vol-
tage gain for the circuit chown in Fig. 1.13 may be calculated with the
formula Ku = Gmax*R2. The voltage gain is supposed to be increased by
introducing of an active load to the cascode stage. [t should be noted
another drawback of this JFET version circuit. The circuit element pa-
rameter dispersion forced us to use an additional external resistor R
{see Fig.3.11} to increse a drain current of V71 and to set cperational
point of the circuit. To eliminate this drawback we must change the ci-
rcuitry of this JFET version.

3.4, The measurement results discussion

The next conclusions are supposed to be made based on the re-
ported results of the first iteration C5C front-end IC measurements.

3.4.1, The first version of IC contained two channels, each
being consisted of a charge-sensitive preamplifier with microwave bi-
polar transistor with Rbb' supposed to be equal 15 Ohms used as an in-
put head transicstor, followed by a slow shaper in signal path and a
fast shaper in trigger path, have ENC less than 3000 r.m.s.e- at detec-
tor capacitance Cd = 100 pF and peaking time Tp = 300 nsec, The best
samples have ENC = 1980e + 7e/pF, the tipical value of the slope is
8e/pF. The dissipated power is less than 70 a¥ per channel at the noise
opnimum value of the head transistor collector current being equal G.61
mA,

3.4.2. The same channe! but with the head transistor possessing
Rbb'= 83 Ohm have about 200 - 300 r.m.s.e- more ENC than the mentioned
above measured at the same conditions. It seems possible tc achieve
an additional diminishing of ENC through the further lowering of Rbb',
but it must have not be very large according our calculations reported
in chapter 1 of this report and in literature (20 , 2113,

3.4.3. The second IC version of the same configuration but wit
p-type JFET head transistor with gate capacitance Cg = 10 pF has ENC =
3300e + 20e/pF at the same conditicnes. The dissipated power is egual
150 a¥ per channel at the standard connecion, but it is possible to di-
minish this value to approximately 80 mW per channe! by decreasing the
negative suppling voltage. The CSP has open loop voltage gain Ku = 57,
Tis value seems to be too small to use the circuit for CSC muon detec-
tor. '

3.4.4. The channel with the head JFET of less size has noise
ENC = 4400e + 27e/pF (this value may have been refined in future in the
direction of less noise values). The dissipated power is some less than
in the former case. Voltage gain is too small again and is equal 30.

3.4.5. The BJT version IC is supposed to be refined in the next
way:

3.4.5.1. The minimum size BJT with AREA = 0.012 used in the
output CSP stage should be enlarged or replaced with a Darlington's
emitter follower to increse the ouput power of the circuit and to im-
prove its stability in respect to autoexcitation.

3.4.5.2. The resistor in the head transistor emitter circuit
should be removed to enlarge the input stage transconductance and open
loop voltage gain.

3.4.5.3. The slow/fast shaper circuit version is investigated
which -has JFET output stage.
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3.4.6. The JFET head transistor version is considered to intro-
duse the next improvements:

3.4,6.1. The head transistor transconductance shouid be en-
larged to decrease the series input resistance to Rs = 20 Ohm.

3.4.6.2. The active load should be introduced to the cascode
stage to enlarge the open loop voltage gain and through this to dimi-
nish the dependence of charge-to-voltage transformance coefficient on
the input capacitance.

3.4.6.2. The electric circuit should be modified to exclude
possible lathing due to monolithic circuit parameter scattering.

3.5.7. Pspice simulations results after the models refinements
are in a good agreement with values measured on the real IC,

3.5.8. The measurement bench should be refined to give more
versatility.
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CONCLUSIONS

On the base of all the investigations reported above it is pos-
sibie to make the next conclusions:

- the supposed combined BJT-JFET technology seems to be appre-
ciable for GEM CSC front-end custom monclithic electronics:

- the refined electronic component models used in Pspice simu-
lations proved to provide satisfactory coincidence of the parameters
the simulated circuits and realized IC;

- the IC version with the head microwave BJT appears to be
acceptable after future modernization for CSC muon detector; the first
iteration product IC consisted of a charge-sensitie preamplifier fo!l-
lowed by slow signal shaper and fast trigger one have demonstrated the
noise performance ENC = 18B0 + 7e/pF at input capacity 100 pF, peaking
time 300 nsec and dissipated power less than 70 m¥ per channel;

- the IC version with the head JFET needs in circuit moderni-
zation due to low open loop voltage gain; neerhteless, it seems to be
premising too because good performance of JFET being used as a head
elemant;

- the second design iteration should made further impact on
problems of multiplication of cannel-per-chip number, diminishing of
the interconnection capacitors values and dissipated power, stability
in respect to autoexcitation;

- the slow shaper should realize RC-CR™4 filtering;

~ the measurement bench should be modified for mor versatility.

Ve hope to take all this in account during the second design
tteration.
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Al, APPENDIX. PSPICE SIMULATION PROTOCOL

Al.1, BJT version

¥hxxx%x% 05/12/93 x%#xxx% PSpice 4.03A - March, 1990 #xx%xxx 13:35:58 *xxxxxx

dvorn
EEE R CIRCUIT DESCRIPTION

I ZEEEEEERES SRR E RS SRS ERREEREEREESEE R R R R RS RS RS R SRR R RS SR RS RS SR EES RS RS ER ]

.opt nopage nomod

*Fast shaper

ri 1 10 Zk

gl 10 3 4 modS 0.5
2 4 210

j4 14 10 kpf 2
r7 14 7k

g9 1 14 23 mod5 0.5
t11 23 2 2.7k

Rfbl 23 3 33k
¥Rshorti 1 9 0.001
Vgl &2 0 4

8
2
4

Cini 61 3 12pf

*Charge sensitive preamplifier
r3 1 11 2k

g2 11 5 6 modS 5

r4 6 0 10

j5 156 13 11 kpf 2

g6 15 19 16 mod5 0.5
r9 16 2 1k

j10 24 1 1 kpf 2

ji1 2 15 24 kpf 2
rfb2 24 5 100k

cfb2 24 5 3.9pf
sRshort2 22 13 0.001
Vg2 13 0 5.3

gqc2 19 18 72 mod5 0.5
Rc2 72 2 10k
Re_ext2 0 19 200k

Cin2 62 5 1.6pf
vinZ 62 0 pulse{0 0.125 10ns ins ins 2000ns 10000ns)

#Connacting conductors
Rshort2_1 24 61 $.001
Rshort2_3 24 63 0.001



B

#Biasing network {(preamp)
ri3 1 26 24k

j13 27 22 26 kpf 2
qlé 27 27 28 modS 0.5
glS 28 51 29 modb 0.5
ri4 2% 2 2.8k

ri?7 1 3% 1k

@19 35 27 37 mod5 0.5
gq21 37 51 38 mod5 0.5
ris 38 2 1.4k

r2l 1 22 24k

q23 22 43 37 mod5 0.5
r23 1 43 50k

q25 43 43 45 mod5 0.5
q27 45 51 46 mod5 0.5
r24 46 2 2.8k

q29 51 51 4% modS 0.5
r27 49 2 10k
Rext2 51 O 160k

¥*Slow shaper

r5 1 12 2k

g3 12 7 8 med5 0.5
r6 8 2 10

37 17 20 12 kpf 2

g8 17 21 18 mod5 0.5
ri0 18 2 ik

gi2 1 17 25 mod5 0.5
riz 25 2 10k

rfb3 25 7 100k

#cfb3 25 7 5.6pf
#Rshort3 34 Z0 0.001
Vg3 20 0 5.3

qed 21 21 82 mod5 0.5
Rc3 82 2 10k
Rc_ext3 0 21 500k

Cin3 63 7 1000pf

¥Biasing network (slow form)

ri5 1 30 24k

316 31 34 30 kpf 2
gl? 31 31 32 modb 0.5
gl8 32 52 33 mod5 0.5
rl6 33 2 2.8k

ri8 1 36 1k

q20 36 31 39 modH
q22 39 52 40 mod5
r20 40 2 1.4k

r22 1 34 24k

924 34 44 39 mod5 0.5
r25 1 44 50k

5268 44 44 &7 modbs
928 47 52 48 modbh
r26 48 2 2.8k

oo
oo,

(=N o]
[+ L]

_95-



g30 52 52 50 mad5 0.5
r28 50 2 10k

Rext3 52 O 160k

vi 10
v2 2 0

.MODEL MODS5 NPN 1S=95e-18 BF=92 VAF=5.34 I[KF=23M ISE=95e-18 xtb=1.5
+ NE=1.2 BR=0.7 VAR=5.34 IKR=1M 1SC=2.38E-13 NC=Z RB=20.4 [RB=10M

-96-

+ RBM=13.5 RE=4.0 RC=25.0 CJE=0.84P MJE=B8m VJE=0.75 CJC=1.18P MJC=88m
+ YJC=0.82 XCJC=0.2 €JS=2.8P MJS5=0.5 VJS=0.75 tr=10n tf=11.8p itf=13.5m
+ vtf=10 xtf=2

.MODEL KPF PJF
+ CGS=2PF CGD=2PF FC=0.5 PB=1
.TRAN/OP 1nS 1000nS

¥ PRINT V(25}

.PROBE
.end

TR

NODE

( 1)

{ 5)

{ 9}

{ 13

( 17

( 21)

( 25)

{ 33)

( 37}

( 43)

{ 47)

( S51)

( 63}

(e

VOLTAGE

§.0000
.7267
.0000
. 3000
.6543
. 2294
.3779
. 7367
.7367
.6364
.3286
5923
.0207

.8418

{

NODE

21}

61

101

141

181

22)

26)

30)

34)

38)

44}

481}

52)

72}

INITIAL TRANSIENT SOLUTION

VOLTAGE

-6.0000

. 0081

2.7573

-4,0862

-5.9444

5.2417

3.7278

3.7278

5,2417

 -5,7537

1.32886

~-5.7368

-5.0207

-5.7650

{

{(VTD=-2.0 BETA=180U LAMBDA=50M RS=21 RD=21
15=1.7F)

TEMPERATURE

NODE

31

7)

11)

15)

19)

23)

27)

31)

35)

39)

45)

49)

81}

821

VOLTAGE

-5. 1946
-5.2055
4.0113
1.9837
-5.0653
-4.8460
1.3667
1.3667
5.8596
.6364
.5923
-5.7246
1.8416

-5.98053

27.000 DEG C

NODE VOLTAGE
4) -5.8864
8 . 9887
12} .6379
18) . 7988
200 . 3000
24) . 8416
28} .6303
32) .6303
36) . B58¢€
40) . 7537
48) . 7368
50) . 7248
62) . 0000
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VOLTAGE SOURCE CURRENTS

NAME CURRENT

Vgl ~9.346E-12
yg2 -4,612E-12
vin2 0. 000E+00
Vg3 -1.062E-11
vi -6.827E-03
v2 6.119E-03

TOTAL POWER DISSIPATION 7.77E-02 VYATTS

'

R *H OPERATING POINT INFORMATION TEMPERATURE = 27.000 DEG C

*%x%x BIPOLAR JUNCTION TRANSISTORS

NAME gl g9 g2 qb qc2
MODEL mod5 mod5 modS mod5 mod5

1B 1.06E-05 3.05E-06 1.11E-0% 1.83E-06 5.79E-07
1C 1.35E-03 4,35E-04 7.95E-04 1.99E-04 2.29E-05
VEE 7.92E-01 7.50E-01 7.19E-01 7.33E-01 7.00E-01
VEBC -7.85E+00 -1.01E+01 -3.28E+00 -7.05E+00 0.00E+00
VCE B.74E+00 1,08E+01 4,00E+00 7.78E+00 7.00E-01
BETADC 1.27E+02 1.42E+02 7.13E+0! 1.09E+02 3.96E+01
GM 4,98E-02 1.65E-02 3.04E-02 7.62E-03 8.74E-04
RP1 2.61E+03 8. 12E+03 2.52E+03 1.53E+0D4 4.BBE+04
RX 4,07E+01 4,0BE+01 4,0BE+00 4,0BE+01 4,08E+Q1
RO 9.24E+03 3.37E+04 8. 94E+03 5.B4E+04 2.02E+05
CBE 1,09E-12 6.B1E-13 5.18E-12 B,.74E-13 4,.91E-13
CeC 9.67E-14 9.48E-14 1.03E-12 9.75E-14 1.19E-13
CBX 3.8B7E-13 3.79E-13 4,13E-12 3.90E-13 4,76E-13
CJs 6.54E-13 4,.67E-13 5.56E-12 7.35E-13 6.13E-12
BETAAC 1.29E+02 1.51E+02 7.66E+01 1.17E+02 4.26E+01
FT 5.01E+089 2,28E+09 4.67E+08 1.14E+09 1.2BE+08
NAME ql4é ql5 ql8 q21 Q23
MODEL modS mod5 mod5s mod5 : mod5

IB 2.0%E~06 1.01E-0B 1.66E-06 1.81E-06 4.43E-07
IC 9,08E-05 S.30E-05 1.40E-04 1.74E-04 3.16E-05
VEE 7.36E-01 7.16E-01 7.30E-01 7.33E-01 6.92E-01
VBC C.00E+00 -5.65E+00 -4,49E+00 -5.66E+00 -3.91E+00
YCE 7.36E-01 6.37E+00 5.22E+00 6.39E+00 4,61E+00
BETADC 4,35E+01 9. 18E+01 8.47E+01 9.61E+01 7.13E+01
GM 3.44E-03 3.56E-03 5.36E-03 €.64E-03 1,21E-03



RPI

RX

RO

CBE
CBC
CBY
CJs
BETAAC
FT

NAME
MODEL
IB

1C

VBE
VBC
VCE
BETADC
GM

RPI

RY

RO

CBE
cBC
CBX
CIS
BETAAC
FT

NAME
MODEL
1B

1C

VEE
VEC
VCE
BETADC
GM

RP1

RY

RO

CBE
CeC
CBi
cJs
BETAAC
ET

1. 34E+04
4,08E+Q1
.0BE+04
. 25E~13
. 18E-13
. 76E-13
. 34E-13
LB1E+01
.BOE+(8

2P0 B oo

g25

mod5

2.09E-06
.0BE-05
.36E-01
.QQE+Q0
+.IGE-01
.35E+01
LA44E-03
+34E+04
. OBE+Q1
.0BE+04
.25E-13
.19E-13
.76E-13
L42E-13
.G1E+01
.B9E+08

PEOOE N, WE QWD

gl2
modS
1.30E-06
1.68E-0¢4
7.24E-01
-9.65E+00
1.04E+01
1.30E+02

6.4BE-03-

2.16E+04
4,08E+01
B.43E+04
£.59E-13
9.51E-14
3.8B0E-13
4,87E-13
1.40E+02
9.97E+08

WWwn e~ &N WWwe O~

N Woo e N

g2
mo

1.
g,
5.

qc
mo
”

NbEDE PR, @WWODO0N O
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.78E+04
.0BE+01
. 10E+05
. 24E-13
.92E-14
.97E-13
.03E-12
.90E+Q1
.56E+08

2
d5

.Q1E-06
.30E-05
.16E-01
.G1E+0Q0
.33E+00
.16E+01
.56E-03
.T7E+04
.0BE+01
.10E+05
. 24E-13
.93E-14
.97E-13

O5E-12
86E+01
55E+08

3
d5

.51E-07
.22E-06
.76E-01
. O0E+00
. 76E-01
.GBE+01
.52E-04
. 13E+05
.0BE+01
.D6E+(05
.B2E-13
.19E-13
.T6E-13
.2BE-12
.DOE+01
.21E+07

o s (o I N S & e R

.69E+04
.OBE+01
. 4BE+04
.47E-13
.01E-13
.04E-13
.72E-13
LD4E+Q1L
.11E+08

g29
mod5

6.

71E-07

2.69E-05

Ll = T R R e N A K =N

OO Ee e~ O DN

LO4E-01
.O0E+0Q0
.04E-01
LO1E+01
.02E-03
L21E+04
.0BE+01
. 73E+05
.93E-13
. 19E-13
.76E-13
.Q9E-12
.31E+01
.S0E+(8B

. 36E-01
.Q0E+00
.36E-01
.35E+01
+&44E-03
. 34E+04
.CBE+0D1
.OBE+04
.25E-13
.18E-13
.76E-13
.34E-13
.B1E+01
.B9E+08

B MWW W R 00~ 0

NOr- WO 2N WOND ] WD

W = W WO WL e -

q3

.54E+04
.0BE+01
.BOE+04
.B2E-13
.82E-14
.87E-13
.03E-12
- Q3E+02
. 39E+08

mod5

. 2BE-06
. 13E-03
.B3E-01
.B4E+00
.B3E+00
. 36E+02
. 1BE-02
. 34E+03
.07E+01
.18E+04
L89E-13
.58E-14
.B3E-13
.B83E-13
. 39E+02
.S53E+09

qlg
modb

.01E-0B
.30E-05
.16E-01
.BBE+00
.JT7E+DD
. 19E+01
.56E-03
. TBE+04
.08BE+01
.10E+0E
»24E-13
.92E~14
.97E-13
.Q3E-12
.80E+01
.S56E+08

WO PPN PN = MW

DO P DL =N ]

O O T X -]

g8

.39E+04
.0BE+Q}
.T1E+05
.94E-13
.02E-13
.0BE-13
.95E-13
. T4E+01
.92E+08

mod5

. BE6E-07
.46E-05
.15E-01
. BBE+00D
. 28E+00
.54E+01
.09E-03
.B5E+04
.0BE+01
.14E+05
.07E-13
.0BE-13
.33E-13
.BlE-12
.84E+01
. 17E+0B

g20
mod5

.66E-0G
L40E-04
.30E-01
LA9E+00
L 22E+00
CATE+QL
.36E-03
.69E+04
.QBE+01
.4BE+04
.47E-13
.01E-13
.Q4E-13
.72E-13
.04E+01
.11E+08



NAME
MCDEL
IB

1C

VEE
VBC
VCE
BETADC
GHM

RF1

R}

RO

CBE
CBC
CBX
CcJs
BETAAC
FT

#x%% JFETS

NAME
MODEL
1D
VGS
VDS
GM
GDS
CGSs
CGD

NAME
MODEL
1D
VGS
vDs
GM
GDS
CGS
CcGD

q22

mod5b

.B1lE-0B
. T4E-04
.33E-01
.66E+00
. 39E+400
.B61E+01
.64E-03
.B4E+04
.0BE+01
.BSE+04
.B62E-13
.92E-14
.97E-13
LO3E-12
L03E+02
.99E+08

W = D@D P DO D D -

j4
kpf

-2.75E-041D

1.24E+Q0
-6.85E+00
7.29E-04
1.02E-0S
2.87E-12
1.33E-12

i7
kpf
-5.59E-05
1.66E+00
-7.29E+00
3.31E-04
2.05E-06
2.45E-12
1.27E-12

JOB CONCLUDED

~-99-

g24

mod5

L43E-07
. 16E-05
.92E-01
.91E+DO
.B1E+00
LI3E+01
.21E-03
.39E+04
.0BE+01
.71E+05
.94E-13
.02E-13
.OBE-13
.95E-13
LT4E+01
. 82E+08

= ad R NP0 W s

i5
kpf
-4.99E-04
1.29E+00
-2.03E+00
5.62E-04
9.05E-06
2.64E-12
1.83E-12

i16

kpf
-9.47E-05
1.51E+00
-2, 36E+00
3.90E-04
4,23E-06
2.52E-12
1.81E-12

TOTAL JOB TIME

g26 q28
mod5 modd
2.08E-06 1.01E-06
9.09E-05 9.30E-05
7.36E-01 7.16E-01%
0.00E+00 -5.61E+00
7.36E-01 6.33E+00
4.35E+01 9.16E+01
3.44E-03 3,5BE-03
1.34E+04 2. 77E+04
4,08E+01 4.0BE+01
5.06E+04 1.10E+05
5.25E-13 5.24E-13
1.19E-13 9,83E-14
4.76E-13 3.97E-13
8.42E-13 1.05E-12
4,61E+01 9.86E+01
4,88E+08B 5,.E5E+08
j10 ji1
kpf kpf
~4.7{E-05  ~4.69E -03
0.00E+00 1.42E-01
-4, 16E+0Q0 -7.B4E+0Q0
1.72E-03 1.84E-03
7.07E-05 8.08E-05
3.96E-12 3.71E-12
1.76E-12 1.34E-12
100.90

q30
mod5

LaliE = B e N N e - I = BN I % B |

.T1E-07
.B69E-05
.04E-01
.00E+DO
.04E-01
.01E+01
.02E-03
L21E+04
0OBE+01
. 73E+05
.93E-13
.19E-13
.76E-13
.09E~12
.31E+01
.50E+08

j13

Ll e B - L N

kpf .
-9.42E-05

1.51E+00
.36E+00
.890E-D4
. 23E-06
.52E-12

.B1E-12
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AlL.2. JFET version.

soRkkoRkk 95 /31 /93 kkkakkk PSpice 4. 83A - Mzarch, 1980 xxkkxkx @7:21:57 *»
*T-2,JFET,AREA=1,Cd=100p,Cin=1p,CEfb=3. 3p

kKKK CIRCUIT DESCRIPTION

26 3K KK i 34 4 5K 3K ok ok Sk 3 Sk ok K 3k e K 3K 3K K oK K K 3K K K 3K 3 3K K K K 5K 3K K 5K K 3k 3 KK 3K R 3K 5K 3K K K K K K 3K KKK K 3K R oK KK KK ok o

Jl 2 1 0 kpf2

rl 2 200 150

r2 108 3 8.2k

ge 3 4 2 200 mod2 .06

*»3 @ 4 10k

rd 4 200 24k

Cext 4 2060 @.833u

33 5 100 109 kpf2 @.2356
J4 206 3 5 kpfZ @.235

Rfb 1 5 160k
Cfb 1 6 3.3p

Rin 50 # 50
Cin 52 1 1p

Cd 1 0 100p

Vp 102 @ DC 6
Vn 200 @ DC -6

Vin 50 @ pulse(@ -10008nv 18ns 1ins ins 2000ns 190000ns)

.MODEL mod2 npn IS5=95e-18 BF=8@ VAF=20 IKF:=10m ISE=95e-18 xtb=1.5

+ NE=1.2 BR=9.7 VAR=20 IKR=1m ISC=2.39E-13 NC=2 RB=15 IRB=10Om

+ RBM=1@ RE=5 RC=15 CJE=1.45p MJE=88m VJE=0.75 CJC=1.93p MJC=88m

+ VJC=9.82 XCJC=0.2 CJS=2.2p MJIS=0.5 VJIS=0.75 tr=10n tf=15p itf=10m
+ vt£=20 xtf=2

.MODEL kpf2 pjf VTO=-2.5 BETA=2.5m LAMBDA=43.3m RS=15 RD=15
+ CGS=9.27p CGD=9.2p FC=8.5 PB=1 IS=1i0f

. TRAN/OP 1nS 500ns
. PROBE
. END
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kxxexxd (5/31/93 xxxs¥x%x PSpice 4.03A - March, 1980 xx¥xx%% 07:21:57 »xxuxxy

*T-2,JFET,AREA=1,Cd=100p,Cin=1p,Cfb23.3p

EXAK BJT MODEL PARAMETERS

(IZ 2SS E RS EEREESSEE RS EE R ERERES R RRER R R E R R R R R ¥

mod2
NPN
IS 9%, 000000E-18
BF 20
NF 1
VAF 20
[KE .01
[SE 95, 000000E-18
NE 1.2
BR .7
NR 1
VAR 20
[ER 1.00000QE-0Q3
15C 238.000000E-15
RB S
REM 10
IRE .01
RE 5
RC 1%
CJE 1.450000E~-12
MJE . 088
CicC 1.930000E-12
Vi .82
MiC . 088
ACIC .2
cls 2.200000E-12
MJs .5
~ TF 15.000000E-12
LTF 2
VTF 20
ITF .01

. TR 10.000000E-09
XTB 1.8
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sxxixxx 05/31/93 s*xxx¥% PSpice 4,.03A - March, 1990 sx#x¥x% 07:21:57 #xknxxx

%xT-2, JFET, AREA=1,Cd=100p,Cin=1p,Cfb=3.3p

ERHX Junction FET MODEL PARAMETERS

(22X EERERE SRS R RS E RS R R R EES RS SEER SRR SE RS SRS SRR SR ESE S SEEX SRS SRR SR

kpf2
PJF
NTO -2.5
BETA 2.500000E-03
LAMBDA 0433
RD 1%
RS 1%
CGD 9.200000E-12

CGS 8.270000E-12



sukxxxx 05/31/93 sxxxx#% PSpice 4.03A - March,
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¥T-2, JFET, AREA=1,Cd=100p, Cin=1p, Cfb=3.3p

* % %%

INITIAL TRANSIENT SOLUTION

TEMPERATURE

1890 xwxxnxx 07 :21:57 nExnnxn

27.000 DEG C

1232222222 R RS SR ES SRS SRR R RZ R RS RARRARRS RS RS RS SERSS R AR RS E S R

NODE VOLTAGE NODE
( 1 -.5183 | 2)
{ £) -.5183 | 501

VOLTAGE SOURCE CURRENTS

NAME CURRENT

Up -4.5B1E-03
Vn 2. 4B4E-02
Vin 0.000E+0D

TOTAL POWER DISSIPATION

VOLTAGE

NODE VOLTAGE
-2.8957 | 3) ~.5606
0.0000 ( 1009 6.0000
1.75E-01 WATTS

NODE VOLTAGE
{ 4) -1.9564
{ 200) -6.0000



sxrxxxn% 05/31/93 *xx#x4x PSpice 4,034 - March,

-104-

*7-2,JFET,AREA=1,Cd=100p,Cin=1p,Cfb=3.3p

% %%

OPERATING POINT

INFORMAT 10N

1990 *xxx%¥x 07:21:57 *Exxx%s

TEMPERATURE = 27.000 DEG C

EXRUEFEXRENERRERAXEEA RN U ERRERAERAERAERAEAEL AR ERERLERAEXEAER AR ERREA AR A AR R RRR XS

xx#x BIPOLAR JUNCTION TRANSISTCRS

NAME
MODEL
1B

1C

VBE
VBC
VCE
BETADC
GM

RP |

R

RO

CBE
CBC
CBY
CJg
BETAAC
FT

¥#xx JFETS

NAME
MODEL
1D
VGS
VDS
GM
GDS
€G3
CGD

ga

modZ
.72E-05
.ODE-D4
.39E-01
«40E+00
. 34E+Q0
.95E+01
.87E-02
.95E+02
LA3E+D2
. S4E+04
.B8E-13
-14E-14
.5BE-14
.B7E-14
.96E+01
.31E+D9

Y B Q0 PP e B R e 0D

ji
kpf2
-1.99E-02
-5.19E-01
-2.30E+Q0D
1.26E-02
3.10E-03
1.0BE-11
S.Z4E-12

JOB CONCLUDED

TOTAL JOB TIME

j3
kp

£2

. 78E-03
. COE+00
.52E+00
. 35E-03
. 30E-04
-96E-12
.01E-13

ia

kpf2
-3.7BE-03
-4, 14E-02
~5.4BE+00
3.28E-03
1.35E-04
1.89E-12
8.68E-13

15,98



