Overview

[ +V +V A YAYA V) S——
N bb bb f
N ) . |
. VEERNANRT AV VAVA N b
1 5 ‘ N iy
3 R i : v, -
1 0° ; E:
R
= i () (b) 1 (©)
basic circuit transimpedance dark currentancellation
+V bb w bb | IC
11
; -V, Vgl oy
N l \
= (d) B
(0
logarithmic dc cancellation narrow-band
1

from:”Photodetetors’, by S.Donati, Rrentice Hal 2000



Basic Scheme
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Cold-resistance(or Transimpedencg Scheme
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/ same noise and a
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J_— basic circuit
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Transimpedencein dc
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V,=-0PRy+V,
VuO = (Io'lp)Ry+Vos(1+R/Rp) Y

wherey = [1+(1+R/R)/A ] *

and R R//IR;,
fory=1 (or, A>>R/R):
VuO = '(Io'lp-) R+ Vos (1+R/Rp) VuO
= V for small R,and is dominated
by term |-l , at large R; break-point
value is: R=VJ(l,-1,)
In typ. Op-Amps:
Vd1,;=05mV/0.2A =2.5kQ
with abipolar inputstage, and :

Vo dl,=3mV/200pA=1.5 MQ
with aFET inputstage
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Transimpedencein ac

\,(0)=-0oPRy = -0PR
+V \,(S) =—aoP Z/[1+(1+Z/Z))/A]

transker functionis:
(D CD %RT% v, (S)\, (0) = {1+S[RCy+

: g +HLHRIR)/00,A o+ R(CHCR)/AJ+
I~ ] +R(CGHCr)WAL ™
| ~ R Cr or, is of the type{1+sx/w,+ s?/w,?} 7,
g\ > a 2nd-orderesponse, ith cutoff frequency:
S v S f = [2TR(CHCRI0A]

@-on \2 = [fx GB,J*2

L (the geometdal mean of { andGB,)
_ anddampig:

L X =1, f, (L/ix+ 1/GB,)

= {[C/(C+CR)] [GB/f ] ¥2+[f o/GB,] V2
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Transim pedence noise

2
Va
o O A typ FET Op-Amp B856):
(-) 0_—— [dv,?/df]¥?=15 nV/VHz
2 [di 2/df|¥2=0.01 pAW/Hz
(+) |7 .

output noise speaal density:
dy 2/df = [4kT/(R //R) + 2e@P+1 ) + di ?/df] (Zy)?+ dv,2/df (1+y Z/Z))?
In the passband and fpr 1, R<<R, this becomes:
dy2/df = [4kT/R +2e@P+l,) + di,4/df] R?+ dv,%/df
Integrating on fn 0-B, total output noise for a measurement bandwidth B is:
V> = 4kTBR +[2e(0P+I )B +i,% R?+ v,?
= 4kTBR +2e[oP+I+l ,(1+R,%/R?)] BR?
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Example: transimpedence with anlC Op-Amp

C =0.5pF
+V bb I I P
. R
N ‘ — \/N\N\N—
A=1 mm?
C=5pF / —
. L
op-amp 741:

GB,=10 MHz, R>10MQ
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Example: transimpedence with aniC Op-Amp
for feedback resistances:
R=10k, 100k, 1M, 10MQ giving
fe= 2.9M, 290k, 29k, 29kHz
high frequency cutoff VGB,fis: f,=5.4M, 1.7M, 540k, 170kHz

and dampingdctor is: x= 0.35, 046, 087, 26
@shoot 5 3 O O dB

noise: j, =V[4KTB/R + 2eEP+)B + i, >+v,2/RY= 2el , B

(FET-input) ln=121A, 0.57A, 51nA, 53nA
(bipolar-input) = 12uA, 0.6uA, 2 10nA200nA
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RELATIVE RESPONSE (dBre 1 M

IC Op-Amp transimpedance performance
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noise definitionsand parameters

() input equivalentcurrent nose densyt
L df =(dv, 2df) / [Zy]?,
dje2/df = 4KT/(R, //R) +2eEP+l,) + di Zdf +dv,2/df(1ly Z+1/Z)?
= AKT/(RIR) + 2eEP+1,) +2el[1+(RA/y Z//Z)F

(i) input equivalentotal nose current(by integraibn of di . 2/df )

neq

(if1) the noise figue F, ratio of the total inputnoise to that alreadyontained in
detectedignal and dark current [2eP+l )B:

= 1+{4kTB/R + i, Vv,4R?}/ 2e(cP+1_)B

= [2KT/e)/R +l,(1+R,J/R2)]/ (oP+.)
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Dark-cancellationOp-Amp circuit

| =1,[expV/(kT/e) 1] - 1,

forV=V <<(kT/e)

1= 1V J(KTle) - Ly

Vu:VuO+Vu

VAN

f v, = 20P R
>
> R Vo =2R IV oJ(KT/€)] - RAI +V

V.2 = 4kTB(2R) H{2e(0P+2l,)B+i \2](2R)? +v 42
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Dark-cancellation an example

V,=20P RV o=2RI [V, J(kT/e)]- RAI +V
V2= 4KTB(2R)+[2e(OP+2|)B+i .4 (2R +v, 2

Example: using a FET op-amp (356)V ,.=3mV, |, =200pA, Al =5pA
e after trimming of set b zero, residual error may be ¥25.V
 dark curent term is reduced (25.V/25mV)1nA=1pA
» second ten [..] dominates ér R>25uV /5pA =5MQ
 using R= 500ND, output offset is ;= 5S00MQ-(2-1pA+ 5pA)=3.5 mV.
* minimum detectable powe dc follows:
P =3.5 ni2o500MQ) = 3.5pW (at c=1A/W)
e circuit responsivity is yP=1V/pW

* noisevoltageis v, ~=13uV (B=1Hz), whence p=13 fW (or =-110 dBm
equivalent noise power
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Logarithmic conversion circuit

1= 1, [exp (@VINKT) -1}l L\
/ Vi

VA

Vo = Vst (NKT/E) I [(1l +H ) ]
at T=300K,n=1, and for a signal }>>I,, |, :
VuO - Vos+ [596 mV] LOQlO(IpI"/I o)
both scale factor and added constamny with T
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Log-scheme for2-Ch attenuation
measurements
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Log-scheme for2-Ch attenuation
measurements (cont’'n)

Signals fom (meas) and (ref) channels:
Vi = Voem* (NKT/€) IN [OAP-|#H o)1l
V, =Vt (nkT/e) In [©,aP -|+ )/ ]

Subtracting in 2nd stage, for, AP, o, aP >>| 1. 150, n=1:

AV= (kT/e) In A+V -V o+ (kT/e) In(o,l,/acl,.)
= [596mV] Log, A + const

Scale factor dif ts wth T. NTC thermistor bhdge correctshis tempco O, =-
aR,/(R;+R,) to residual erroof +0.005%/°C,and also zero dc level
V e~ CONSt=[(e/KN(V osnV o) HIN(O | o /20, o) 1V against all
tempcod typ.: Oyos =- 4mV/°C, O 5 = t5mV/°C, O ,= +140mV/°C]

to: V,, Ay 10UV/VHZ atl,;=1uA or 10uAU/VHZ
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dc cancellaton scheme
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Selective(or synthetic responsgscheme

Vo R

\/N—

—Q—VU

\
e Rl

from:’Photodetetors”’, by S.Donati, Rentice Hal 2000 L



Fastpulsesand High-frequency

Transim pedence
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Fastpulsesand High-frequency
Transim pedence2)
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from:’Photodetetors”’, by S.Donati, Rentice Hal 2000

20



Fastpulsesand High-frequency
Transim pedence(3)
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High-frequency Transimpedence performance
(bandwidth)
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High-frequency Transimpedence performance
(noise spectraldensity vs R)
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High-frequency Transimpedence performance
(noise spectraldensity vs B)
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Transim pedence integration telsnologies
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hybrid-thick-film surface-mont-device InP IC
(100MHz) (200 MHz) (11GHz)
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Equalization

4KTB/R< 2el,B + 1,2 or
< 2e(l,+aP)B.
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Frequency response
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Analysis

Weask that 4kTB/R< 2elB +i,2 [or <2e(l,+oP)B.
In agood amplifer, noisei ,? << shot nois€el,B :

lgt =k 2el,B with k<1,
With the =sign above R=(2kTe)/l(1+k) sothat

.2 =4kTB/R+2el,B +i,2= 1,22 (1+K), and §=1/21RC,.

Max. frequency, with no S/Ndegradaon is whenthe
amplified v, equalscurrentoise |;:

hR = Va(folf ) = Va (F,2TRG)
whencd ,=1/21RC (V,/i;))= [2(1+K)]¥2/2TC; (VA /i )
newcutoff is thatof aresistance R,= v,/i, (typ. 50)

bandvidth improvement is f,/f; = [2(1+K)]Y?R/R,
yet noise remainsg; 2= 2el,B 2k (1+ k)

from:”Photodetetors’, by S.Donati, Rrentice Hal 2000
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Equalization: an example

Fora PDwith 1,=500pA, andk=0.5, therequired load is
R = 50mYB00pAl1.5 =110 MQ

In a FET-nput opamp(LF356),typical noisesare:
\VB=10 fA/VHz, v,/NB=15nV/VHz

sothat R=15nV/10fA =1.5 MQ

Bandwdth improvement obtaed with equiazation is

V[2(1+1K)] RIR,=v6-110/15 =180

Noise spectradensitycorrespondig to the dark currentl, is

V(2ely) = 14 fAINVHz, whencethecorreanessof k= 0.5.

With C=5pF, input cutoff frequency is f,= 21kHz

andequalized cutoffrequency is £= 3.8 MHz;

current nois€ 0-f,frequeng band): i /VB=25 fA/VHz

from:”Photodetetors’, by S.Donati, Rrentice Hal 2000 2



Equalization beyondf,

Wemay alsogo beyondf, with the equalizationbut then
noise worsens beasev, dominantesit f > f,. If f.>f,Is the
desirednewcutoff, noise is ncreased byl +(f4/3f,)? respect
to optimumvalue or, it becomes

i2= 2elB 2K (1+ K)[1+(f4/3f,)]

Limitation of equalzation theequalizerstagerequiresa gain
A=f ,/f ; at heequalized fequency,, thustheactive device
shall havd - atleast equal téaf,. Whenf, approabesfno
reserveof gainis available br equalization

Thus thetechnique is goothndwidely appled) for f <<f,
but at thehighest fequencie$,=f where it vould be mos
challenging its improvement beames narginal
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Switched capacitor(basicy
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R=VT/IQ=1C,  Lno=(50mV)f,C
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Exampleon SC

In a 5x 5 (um)* MOSswitch it is typ. ry= 2-3kQ/sq, and
thestraysare=0.05pF. ChooseC =2pF (>X;,,) andmake
the switchshort (L/W=0.3)to lower , soas [~0.8 kQ
(typ). Then themin. clockperiod ist=(3+5) Cr,=5+8 ns
At the clockirequency f=1,10,100, 100(kHz
the SCresistance is R =500, 50,5, 05 MQ
and quantum regimeurrentis 1,,=0.1,1, 10,100nA.
Performanceis goodat low f, but worsensapproachinghe
MHz range

Valuesabovearetyp. of IC-switche in SSIMOS (CD4066).
With JFETs SSI (LF13333), ry, Is smaller (100 Q) but
parasiticis higher (2 pF). Taking C=50pF,one canhave at
the abovefreq an SC R = 20, 2, 0.2, 0.02 MQ, still
adequateipto theMHz range
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SC transimpedence with chopped output
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