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Abstract: Novel schemes for a charge sensitive amplifier (CSA) and a CR-(RC)" semi-Gaussian shaper in a fully

integrated CMOS readout circuit for particle detectors are presented. The CSA is designed with poly-resistors as

feedback components to reduce noise. Compared with conventional CSA., the input referred equivalent noise

charge(ENC) is simulated to be reduced from 5036e to 2381e with a large detector capacitance of 150pF at the

cost of 0. 5V output swing loss. The CR-(RC)" semi-Gaussian shaper uses MOS transistors in the triode region in

series with poly-resistors to compensate process variation without much linearity reduction.
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1 Introduction

Particle detectors are widely used in high-en-
ergy physics,nuclear physics,and radiation detec-
tion applications. To read out the charges genera-
ted, three approaches have been proposed''’. The
first is to integrate the input transistor of the pre-
amplifier into the detector,to reduce the parasitic
capacitance associated with the connection. How-
ever,the input transistor must be fabricated with
the same process as the detector. Hence. it is hard
to optimize the input transistor with reference to
noise. The second is to use a JFET as the input
transistor for its low noise property. The third is
to integrate all the components required into one
chip,which is called a fully integrated readout cir-
cuit’®’. With the increase of the number of chan-
nels and the rapid development of CMOS technol-
ogy,the last approach is getting more and more
attention because of the high density and low
cost. However, the noise performance of CMOS
transistors is worse than that of BJT and JFET.
The total charges generated by one particle are so
few that noise performance is the vital factor that
must be considered. A charge sensitive amplifier
(CSA) followed by a CR-(RC)" shaping amplifier
(shaper) is the most common readout circuit
structure'**),

Fabricating high-accuracy passive compo-
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nents is another issue in fully integrated CMOS
readout circuits. The value of the capacitors and
resistors may vary by as much as 10% and 30%,
respectively™' .
trolled time constant of the shaper. In addition,
the various parasitic capacitances can introduce
undesired poles and zeros,affecting the frequency
band of interest.

This leads to imprecisely con-

In this paper, the topology of one readout
channel is described. Then,the novel CSA scheme
is presented, which is designed according to the
noise analysis™®’ and results in less equivalent noise
charge (ENC). The superiority of the proposed
circuit is especially distinct for large detector ca-
pacitance. Next,the novel scheme of a CR-(RC)"
semi-Gaussian shaper is presented, using MOS re-
sistors to compensate the process variation. The
complete fully integrated readout circuit is veri-
fied by simulation to be satisfactory and feasible.
It is ready to be taped out.

2 Circuit description

The topology of one channel is shown in
Fig.1'). The charges generated in the particle de-
tector can be considered as a current impulse,
which is identified as I, in the figure. The charges
are integrated onto a small integrating capacitor
C;,giving rise to a voltage step at the output of
the CSA. R; is used to discharge C; in order to
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prevent the CSA from saturating. C, and R, are
used for pole-zero cancellation, with the require-
ment that C,R, = C;R;. The components in the
dashed box compose an RC cell, and one channel
can contain n such cells. Together with C, and R,
this circuit is known as a CR-(RC)" semi-Gaussian
shaper or pulse-shaping amplifier, which filters and
shapes the CSA output signal. C. is for test.

Fig.1 Topology of one channel

3 Design considerations

3.1 Noise analysis

The noise performance of a detector readout
circuit is usually described by the equivalent noise
charge (ENC) ,which is defined as the ratio of the
total integrated rms noise at the output of the
pulse shaper to the signal amplitude due to one
electron charge™ .

The ENC can be calculated using the noise
model in Fig.2,where V3, is the equivalent input
noise voltage of the CSA and I3 is the shot noise
contributed by R; and the detector leakage cur-
rent. V%, is dominated by the thermal and flicker
noise of the CSA input transistor.

Fig.2 Noise sources of the readout circuit

The ENCs are expressed as follows, assuming
a semi-Gaussian pulse shaper is used™ ;
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Here ENC%, ENC?, and ENC? are ENC? due to
thermal, flicker,and shot noise, respectively. C, is
the total capacitance at the input node,including
the detector capacitance C,4,the CSA input capac-
itance C;,,and the parasitic capacitance C,. I, is
the sum of the detector leakage current and the
equivalent noise current of the bias network. z,
and n are the peaking time and the order of the
shaper,respectively. B(x,y) is the beta function.
All the other symbols have their normal meaning.
These formulas are the guides to the design of the
CSA and shaper.
3.2 Design of CSA

The amplifier A in Fig.1 is usually implemented
with a single-ended folded-cascode amplifier because
of its high DC gain and large bandwidth. Although
the noise of the input transistor dominates due to its
large transconductance™®' ,other transistors also gener-
ate noise. A new circuit is proposed to reduce the
noise of the current source and load transistor. Com-
pared to the conventional architecture, the resistors
are added to the sources of these transistors,as can be
seen in Fig. 3.
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Fig.3 Topology of the proposed amplifier
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Besides M1,other important noise generators
are M3 and M5. Without the resistors, the input
referred equivalent noise due to Mi (i =3,5) can
be expressed as

, 8kT K
2= gl % + ) 2
Vn.z gmz <3gmi WiLiCoxf /gml (4)

if the channel length modulation effect is ig-

nored.

In CMOS technology, nMOS has much more
flicker noise than pMOS. In addition, the current
in M3 is even larger than that in M1. Therefore,
both the thermal and flicker noise of M3 are not
negligible.

The usual method to reduce the noise due to
M3 and M5 includes increasing g.; -increasing the
gate area,and reducing W/L of M3 and M5, but
they are not sufficient if extremely low ENC is re-
quired.

With the resistors added,the equivalent input
noise due to Mi(i =3 or 5) and its corresponding
source resistance R is given by

A 8mi X
Vn-,l [(1—"— (gmi +gmbi)}esi)2

8kT K; )

(5g0 * WLicog * 1KTR) /g ®
As for the thermal noise, it can be verified that
p = gni « (8kT
RO = e Cannr < (5gn
is a descent function of R, . Hence, larger resist-

+4kTRﬂ>

ance is beneficial for noise suppression. Take M3
as an example. The parameters in the designed
circuit are f43 = 250pA, gy = 1.39mS, and guy =
0.51mS. It can be calculated that f(R4y=0) =4kT
X 0.93mA*, then [ (Rg = 2000) = 4kT X
0. 208mA?. A reduction of 77.6% is achieved. R
= 2000 means a 0.5V voltage drop (R I4s) on
the resistor. Another advantage is that the resis-
tors are free of flicker noise. Equation (5) indi-
cates that the flicker noise is reduced by a factor
of (14 (gmi + gmi) RO

The coefficients of resN and resP in each
branch of the circuit scale according to the cur-
rent passing through it to guarantee equal voltage
drop across each resistor.

The dimension and the bias current of the in-
put transistor of the CSA should be optimized
with the noise. For minimal ENC3, g, ought to be
enlarged, requiring minimal gate length and maxi-
mal bias current. However, the gate width has a
double effect. It enlarges g, but also increases C,.

Referring to ENC}, WL also has a double effect.
Considering the thermal and flicker noise togeth-
er.minimal L should be chosen whereas an opti-
mal gate width exists for ENC, and ENC;, respec-
tively™ .

Cot Gy _3(Ca+ Co)
2C, L’ ot 2C L
Nevertheless, when the detector capacitance C, is
on the order of several tens of pF,the calculated
W 1s so huge that it is impractical for integra-
tion. For the case of Cy=150pF, W, =49000m
and W, ; = 147000pm are calculated in 0.5um
technology. A relatively smaller device should be
used at the expense of larger ENC. In our design,

Wopt.d = (6)

W is set to be 1000pm. This transistor is biased at
the edge of strong-inversion. The bias current is
chosen to be 200 A to meet power constraints.

3.3 Design of the shaper

The shaper is used for filtering and shaping.
In essence, it is a bandpass filter that filters out
the low- and high-frequency noise. At the same
time, it changes the step voltage into a semi-
Gaussian shape to suppress pileup and to facilitate
the recording of the pulse height. The height of
the shaper output pulse is a measure of the total
charge generated in the detector. The transfer
function from the output of the CSA to the output
of the shaper can be expressed as
1+ sC,R, % ( R, i )
R"+sCPRP R, (1 + sC,R))

in

H(s) =
1+

(7
Note that if C,R,/(1+ R,/R:,) = R, C, is satis-
fied, then a uniform time constant of R,C; is a-
chieved for the denominator. Since normally R, is
much bigger than R, ,the above equation is sim-
plified to C,R;, = C; R;. In this formula, the re-
quired time constant 7, = R; C; and gain that is
ﬁ(%) are the basis of
component values choice.
From Egs. (1 ~3), an important conclusion
can be drawn that ENCi oc C?/z,, ENC? oc C?,
ENCZcc z,. This results in an optimum z,, corre-

proportional to

sponding with the time at which the contributions
of ENC,4 and ENC, are equal™ . It is easy to de-
duce that for detectors with little leakage current
and large capacitance,such as 75~150pF, the op-
timum 7z, would be very large. In practice, the



52 Zhang Yacong et al. :

A Fully Integrated CMOS Readout Circuit for Particle Detectors 185

counting rate requirement and pileup problem
constrain the upper limit of r,. In our cases, the
particle rate is about 10°s™!, which restricts z, to
be 1us or so. This small z, indicates that ENC, has lit-
tle effect on the total ENC. For the transfer function
given in Eq. (7), the peaking time (also called the
shaping time) z; is related to 7, by z, = nrq.

The number of RC cells n affects the noise
performance, but the influence is not very signifi-
cant as long as n is larger than 4" . n also changes
the shape of the output voltage. As n increases,
the curve becomes more symmetrical, which
means it is restored back to the baseline more

quickly"”

. Thus for a given counting rate,a larger
shaping time can be chosen if more cells are cas-
caded. This reduces ENC} at the expense of the
power and area.

The amplifier in the shaper is the same as
that in the CSA to prevent dc current from flow-

ing through R;,.
3.4 Realization of R, and R,

R; is usually a big resistor on the order of
100MQ~ 10GQ because the time constant deter-
mined by R; and C; must be much larger than the
shaping time. It is area-consuming to implement it
with physical resistors in CMOS technology. Al-
ternately, a MOS transistor in the triode region
exhibits a resistance with the value of R, =

1
kK"(W/L)(Vgs— Vi)
ize a large resistance by setting W/L and Vs —
V+ small. However, a small overdrive voltage

. Hence it is possible to real-

would lead to poor linearity and a small aspect ra-
tio means large L ,which introduces large parasitic
capacitance. The CSA can be modeled by the cir-
cuit of Fig.4 as a first order approximation,where
R, and R, (both equal R;/2) and C, to C; repre-
sent the MOS resistor with parasitic capacitance.
Because the input of the amplifier is ac-grounded,
C, has no effect. The transfer function is

V. R.(1+ sR,C,/4)

I. 1+ sR,C,(1+sR,C,/4) )

There is a zero located at 4/R; C, and two poles at
1+/1-C,/C;
R:C,/2
sired result of p, =1/R;C; be achieved. If C,>C;
the poles will become conjugated complex poles

.Only when C, < C; can the de-

located at higher frequencies than the zero. The

ac response with C, as a parameter is shown in
Fig.5.Since C; is on the order of hundreds of fF
or less,the area of the MOS transistor used as R;
is restricted. In our design, C; is set to be 200fF to
get considerable gain of the CSA,and R; is real-
ized by two 0. 5ym/20pm transistors in series.

Iy I"\\ v
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G
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Fig.4 Equivalent circuit of CSA with MOS R;
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Fig.5 AC response of Fig.4

R, and C, provide the pole-zero cancellation to
prevent the undershoot which decays back to the
baseline with the long time constant of R;C;. Be-
sides,the multiple between R; and R, provides a cur-
rent gain of N= R;/R,.For match consideration, R,
is realized with N copies of R; in parallel.

3.5 Realization of R;, and R,

R,C, is a
strong function of process parameters, because it

The shaper time constant ¢, =

is related with the absolute value of passive com-
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ponents. To compensate process variation, R;, and
R, are implemented with high-resistance-poly re-
sistors in series with triode-region MOS tran-
sistors. This is feasible because the voltage at the
input of the amplifier is fixed. The circuit is
shown in Fig.6,where V. and V are the tuning
voltages. V4 < Vo — V4, is required to keep e-
nough linearity for the MOS to work in the triode
region. This inequality gives two indications: (1)
Ve and V4 must be high enough to ensure that
V. is large, limiting the tuning range; (2) The
MOS resistance should be small since the propor-
tion of it to the total resistance determines V.
This is in conflict with the compensation capabili-
ty. In this design, two MOS’s are used in parallel
to enlarge the tuning range. One exhibits big re-
sistance while the other is relatively small. In case
the fabricated resistors R;, and R,, come out to
be much smaller than the designed value, the big
resistance is used while the small is turned off by
grounding its gate. The linearity is sacrificed, but
the probability of this case happening is small.
Normally,the MOS’s are tuned to a moderate val-
ue to maintain strong linearity.

Fig.6 Implementation of R;, and R,

4 Simulation results

The readout circuit is designed with CSMC
0. 5pm DPDM n-well technology. The layout with-
out pads occupying 330pum X 300um is shown in
Fig. 7. The circuit is ready to be taped out. The
transient response of a current pulse input is
shown in Fig. 8. The output of the shaper exhibits
semi-Gaussian shape.
noise and power,the peaking time is set to be 1us
or so and n = 2. Since the quality factor of the
shaper is 0. 5,the pulse is restored to the baseline

Compromising between

without undershoot,as the figure shows. The gain
of the complete circuit is about 79mV/fC,and the
static power is 4. ZmW per channel.

Fig.7 Layout of the readout circuit
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Fig.8 Transient response of Fig.1

ENC is calculated for Fig.1 with the ampli-
fier shown in Fig. 3 for three cases, which are
resN = resP = 0 (reduced to the conventional cir-
cuit) ,resN =5000(the voltage drop on the resistor
is 0. 5V) and resP =0,and resN = resP = 5000. Ac-
cording to the definition mentioned in Section

3.1,ENC is given by ENC Z«/Vifm/gv“;’ , where

V2, = JSO(]")df is the integration of the output

noise voltage spectral density across the band-
width. The upper limit of the integration is set to
be 1GHz,well above the bandwidth of the practi-
cal measurement system. V2, can be directly read
in the noise summary window of the simulator.
V. 1s the output pulse height due to a block pulse
with amplitude V applied on the test capacitance
C..The results with C4, = 0, 30,60, 90,120, and
150pF are shown in Fig. 9. Apparently, the resis-
tors reduce ENC dramatically,especially when C,
is large. This benefit is gained at the expense of a
smaller voltage swing. Therefore the best choice is
resN = 5000 while resP = 0, which means a swing
loss of 0.5V but a large noise performance gain.
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In this case, the output pulse height allowed is a-
bout 1.2V. resP = 5000 makes 0.5V more swing
loss but the noise performance improvement is lit-
tle because resP is at the source of pMOS, whose
flicker noise is much smaller than nMOS. The rela-
tively small swing is not a severe problem, because a
variable gain amplifier follows the pulse shaper.

6000
—#-1esN=5000 resP=0
5000~ ..o-1esN=5000 resP=5000 A
-O-resN=0 resP=0 e
4000
(:2 3000
5]
2000
1000
Gf |
0 50 100 150
Ci/pF

Fig.9 Calculated ENC with different resistances

The circuit is also simulated using the ff and
ss corner. Mainly due to the dependency of the
transconductance on the process parameters, the
gain and ENC also change. Take C4=150pF as an
example. The gain is 72.7,69.4,62. 5mV/fC and
ENC is 2265¢,2381¢,2439¢ in ff,tt,and ss corner,
respectively. The gain variation is not important
as explained above, while the percent of ENC var-
iation is about 10% .

The variation of resN with process affects
ENC and the voltage swing. resN = 4000 and 6000
result in ENC = 2471e and 2315e, corresponding
to a deviation of 3. 8% and 2. 8% from the case of
resN = 5000, respectively. The influence on swing
can be examined by I4 X resN.

As explained above, ENC depends on the di-
mension of the CSA input transistor,the bias cur-
rent, the peaking time and the process parame-
ters. Thereby, it is not easy to compare different
circuits. Some results in recent literature are listed
in Table 1 for reference.

Table 1 Performance comparison
Process Peaking Power
(CMOS) time/ ps /mW ENC(©)
Geronimo'®! | 0.25.m 5 - 300+ 7/pF
Geronimol'* | 0.25,m 0.6 1.25 100 + 25/pF
Grybos ! 0.8um 0.5~1 4 200@3pF
Yeom!?! 0.35um 0.5 - 380+ 30/pF
This work 0.5pum 1 4.2 110+ 15/pF

If R, and R,, are fixed, the shaping time r,
can be tuned from 0.92 to 1.125us by changing
Ve and Vg from 5 to 3.5V (or OV if the tran-
sistor is supposed to be off) in Fig. 6. This means
that when R;,, and R, deviate from their designed
value due to process variation, r, can be tuned
back to its normal value.

The linearity of four typical cases is shown in
Fig.10. V., = V3 =5V corresponds to the minimal
shaping time, which is 0.92us. Because in this
case, the resistance shown by the MOS’s is the
smallest, the linearity is the best. On the contrary,
when V, =3.5 and V3 =0V, corresponding to a
shaping time of 1. 1255, the MOS resistance is the
largest and the linearity is the worst. The sources
of nonlinearity include that of the MOS transistor
used as R;,R,, R, and R, and the amplifiers. The
linearity shown in the figure is calculated accord-
ing to the following formula where the residual is
the difference between the simulated result and
the linear fit result.

. . max(residual)
Linearity = (1 - |————+—~—1) X 100%
swing( V)
9
— V,=V=5,linearity=99.82%
-+ V,=3.5,V.4=0,linearity=99.53%
= V=0,V 4=3.5,linearity=99.78%
> 2.0 — V,=5,V4=0,linearity=99.77%
8
©
-
H
g 1.5
)
1 1
1'00 5 10 15

O./fC

Fig.10 Linear fitness of the gain
5 Summary

A fully integrated CMOS readout circuit is
presented with detailed design considerations. A
new amplifier scheme is proposed based on the
noise analysis. The resistors at the sources of the
current mirrors can improve the noise perform-
ance at the cost of reduced voltage swing. The
problem of the relatively small swing can be re-
solved by the variable gain amplifier following the
shaper, which is not included in this paper. MOS
transistors working in the triode region in series
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