
APPLICATTONDESIGN

Here's An Easy Ulfoy To hsl Widehund

Iionsimpedance Amplifiers
ANehnork Analgzer Ann, Simple Th,ree-Element Interface '4re All

Th,otb Needed, To Gather Mearaingful Perforrrwnce Data,-

illGlAlt SIttFEi Bur:r-Brovm Corp., Data Division,6?30 S. Theson Blvd.,lhcson, AZ 857A6; (520) 74&1111;

e-mail: steffes-michael@burr-brown.com

s if building andcompensatiag a
wideband transimpedance am-
plifier for photodiode applica-

tions weren't ehallenging enough, mea-
suring the amplifierrs ae perforrnance
independently cf the photodiode also
presents a considerable hurdle. Ofterq
the photodiode intended for the appli-
cation has its orrn frequency respnse.
In addition, if the photodiodeis used to
evaluate the amplifie4 the technique
used for injecbing an optiel signai into
the photodiode may introduce an un-
known frequency l€sponse.

To eircumvent these protrlems and
observe just, the performance of the
bznsimpedance amplifrer itself, you ean
use a network analyzer source cgn-
neeted to the simple interface eircuit de-
scribed here. This passive eir"euit wil
deliver a low-level crm.ent signal from a
eapacitive soure impedance, thus emu-
latingthe photndiode signal current and
capaeitance to the amplifier circuil

The test inter{aee circuit fr.om the

xffi
a$lIler
3OT}!e

l**W+
h Tc$eild

network analyzer to the traneimped-
ance amplifier under test is shown
(Fig. 1)- Capacitor C2 wouid eonnect
into the input of the transimpedanee
gain stag€. If this is implemented using
a high-openJoopgain operztional am-
plifier, the test current (Ia) rvill drive
into a low impedance virtual ground.
Intuitively,both C1 and C2 shortoutat
high frequeneies and the network ana-
lyzer sinrply deiivers a eurtent into the
5&C) input-matching r.esistor, Ru-

On the other side of the matching
resistor, that eurrent splits between
the two capaeitors, with most cf it go-
ingthrough Cl when Cb>CZ. Con-
tinuing the assumption that CL>> CZ,
and looking backtoward C2from the
tmnsim@ance gain stage, it will sim-
ply see a eapaeitive source impedance
equal to C2 as C1 shorts to gruund and
both im@ances become less tha:r the
resistive sourrce impedances.

Continuing the assumption that C2
is feeding into a vittual ground, the

Laplaee transfer function for the
hanseonductance from Y" to Ia for the
inter{ace cilcuit of Figure I may be
writtenas:
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This equation shows *zero at dc
and a high-frequency pole at
1Ex(2R=(C1 + CZ)) Hz.At de, there is
no signal eurrent injected tlrmugh C2.
The test cument, 16, inereases with
frequency until the pole frequeney.
Beyond this, a constant eurrent set try
the transconductanee from the V"
solrl'ce to Ij, 1/(2R(1+CZlCl)),is deliv-
ered thrrough C2. Equation 2 giyes the
Laplace expression for the output im-
pedance looking baek from the tran-
simpedanee gain stage towards C2.
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The soulce it.npeclatlce fol the test
interface cilcrdt starts out at infirrity at

c1c, ciecreasilg with ti'equency dtle to

tire filst poie at s = 0 tmtii ii leaches a
zero that occtut al the same fi'ecluenc-v

as the pole irt the tlanscotrcluctance
sho$.tt in Eclriation 1. Tiris som'ce im-
pedallce tlten goes llrrongll auothel
pole at 1/2t(2R.C1) Hz. This canses the

iot '.n illireriatrce to look iike a calnci-
tol eqnal to the selies cornbitration of
C1 and C2 above tl.iat cortrer'fi'equeircli

Although this zet'oipole paii'in the
soril'ce itnpetlairce ci oesn't exactl-v
rlatch tire simple -soLrrce capacitatlce of
a phototliocle detectoi; the kev recluile-
ment is lhat it look capacitive at fi'e-
quencie.s on the ortlel of the ciosecl-loo1;

transimiteclairce bandwidth for the am-

1;lifler untler test. \\4ren C1>> C2, the
zerolirole pair iu Erluation 2 caucels
each othel givillgjrrst tile tlesiled ca-

pacitive sotll'ce itnpedance eclual to the
ieries combination of C1 and C2.

self i'esouaui fi'ec1uencl' rlrucl'r highei'
than tl-re expectetl closed-loop tran-
sitrpeclance bandwiclth.

Hotr,et'et', tleci'easilig C1 to move

this self'-r'e-souatrt fi'ecluetlcy np also iti-
creases the pole freclnency for the
tlanscoucluctatrce from !* lo I,q. Ca-
paeitor C1 rnrnt be set to balance the
i'ecprirement to hi'ing I,1 flat with fre-
,io"l,.y rveli before the anticipateil
tlansirnpetlance banrlwirlth. This sttg-

gest-< a higlt C1 r,a|,re; but, C1 must be

iorr'etrough in value to move its on'n

self-t'esoltauce x'el1 bel'sn,1 the test
fi'eriuetlcl' l'ange of itrterest'

To shou' the constlaillLs Lhat ri'i11

1earl to a soltitiotl for Cl, considet'Fig-
ure 2. This cliagram sirorvs the input
irteiface feeding into at'r op-alnp t1'all-

simpetlatrce arnplitier s'hele the op

amp has a gain hanchvidth plotiuct
ec1ual to GBP (in Hz)-

To use this test iutelface circuit,
n hile minimi zing the intel'action witir
L1, set the self resonant fl'eqneucl', F.,
as given ilt Eqnation 3'

n, = -J- = pF-,:ar (:l)" .. L1C1

In this erluatiou, F-;,1s is the antici-

lrateri trausimpeclance barlclwidth ancl

$ is ttre i'atio of the self-r'esonatrt fre-
quency to F-;3,1g.

One useful design lloir.rt fol settitlg
the transil.rpetlance comlletrsation is to

set Cl to give a maxitnally-flat Butter-
lr.orth closedJoop fi'equency l'e-qpoilse.

This can be achiet'ed by settiug:

1 
= 

2rrl,
R.C, t:2

GBP
n,= l 2rR,C.

In Bcluatioti 5, C. is the total capaci-

tartce otr the iliverLing oll-arrrlr pin,
ri']rich is eclnal to (ClC2l(C1+C2)) +

C,,, n het€ C,, er1'.rals tlte op-am1: iupttt
capacitance.

In this atralysis, \1.e al'e sitrplv ttl'-
ing to set C1 appt'oxiilateil', il.t oi't1el'

tol.neastu'e the high-fl'erinetlcy i'oil-off
of the transitnlretlauce atnplifier'. So,

aPpl'oximate C. = C2 iu tire eqnation
16i F,, in the analysis to gel C1. Horv-
er.er, the total l alue for C* (iuchrclilg

the o1t-atnp input parasitics) rrili ileed
to be useci in setting Cs tbi' the corlect
cotnpensatiotr.

One tise1L.lfeatru'ein setting Clto get

tiris rnaxin.raiil'-11u, compeirsation is
that the resulting ciosetl-loop fiecptencl'
i'espollse l'ill tiren shou- an F-.],iB = P.,'

Tiri.s allorvs the F,, shorvtr above (witli
C. r'eplaceti by C2) to be placetl ilrto
Eciuation 3 ir place of F1s. Ot'rce tirat is

clone, a solutiort for Cl tnay be lrritten:

(2)

$,rith C1>>C2, the source eallacl-
tance for the traiisimpeciauce stage
ri'ill be lleal'l)I equal to C2' This ivill
constrain C2 to equal the expecterl
plrotocliocle ca;;acitance (Ca) tliat the
circuit is intendeti to emulale. With
the input t'esisto ', R., set to rnatch the
netri,or'l< anah,zer'\ sotu'ce impetiailce
(nonnzrll-y 50 Q), oniv C1 t'emails to be
set. The value for C1 ivi1l cie-

termine both the low fre-
quenclr corller for the cur.l'eilt
clelir.ererl tlu ough C2 (where it
goes flat rvitlt fi'eqttency) ancl

the tlanscouthlctallce from V"
to I.1-ueither of t'hich are
ci'itical.

One imitortant Parasitic
rloes neerl to be cortsitlererl be-
fore setting C1. CaPacitol Cl
lnay go tluoug'h self-r'esonallce
ciue to it-s series inductance
prior to the expecterl coruel'
fi'equency of the eotnPletetl
transimperlauce at.nplifi er un-
cler test. The resultii:g in-
clease in the crutent tlelirrererl
tiu'oug-h C2 can obscue the ac-

tual roil-off ft'equency for the
arnplifier'. This suggests that
the value lor Cl be set to gite a

ci =--l- ({j)

L10?(zrq,)-

Ecittation 6 gives one constraint otr

Cl. Puttitig this exllression for C1 into
the 1:ole equatioll foi'the tlanscoudnc-

L1 and L2 are lenite leads
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3. Ihe drruit in lhit test setup wos designed to odrieve os high o tronsirnpedonre goin os possihle when

driven by o 20-p[ sourte topocitone oni othieving o I 4-ItiHz signol bondwidth.
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4. A plol of the nreosured goin ond phase Ior the tronsimpedon{e letl droit shows results thot

dosd mutrhed lhose predkled by circuit onolysis.

tance florn V. to I,1. (Eclttation 1) glt'es: F,, ft'om Ecluation 4 ancl Pl fl'orn Erlna-
tion 8 harre been substitritecl.

L1B'(2nF )j
P, = -------)-::!-Hz' 2R-(2n)

2RR.C2' GBP

\ znRiC2

-T1P'6BP-
1

,pI '\ r,
i !r !

(7)

(e)

Here, (C1+C2) in the pole exilres-
sion ]ras been siurplifie{l to C1 (rvhetr

CL>>CZ). Norv, substittttiug iri fol Fn
fi'om Ecluation 4 (autl using C. = C2),
gives:

- LlB2[2r)r GBpp. = _ r__\___/ ""' Hz 18)' 2R.(2n) R C2(2n)

L1B2GBP _-

2P"-R,C2

\\rith everl.thing or.r the iight side of
Ecluation 8 rietenninerl by the clesigl,
ancl x'it}'r a p selectecl, the lorv fle-
ctuency poie (P1) for Eqriation 1 rvill be
set. This u-ill cletermiue the lou'fre-
(iuerlc]/ point at t'hich the test crutent
into tl.re transitnpetlance atlpiifier; I,1,

beccirnes coustant with fi'eqr"tenclr
It is getrerally ttluleces-qal']'to tnea-

sru'e the 1ou'fi 'equenc.y trartsfunpedalce
resllonse siuce au op atn]r impiementa-
tion is geuerally 61g cor,4rleii. Hon'evet',
tire iznge fi't-rtu Pl (n here I,1 becolnes
flat with fi'equency) tqr to l-here tire am-
plifiel is expectecl to be bantl lirniteci,
-shorlkl be acleclnate Lo shos'tire atnp's
gail ar-rcl tlatne-q-q, To ensru'e this, ar acl-

ditionai variable, cr = FoiP1, shonltl be
definetl. If, foi'instance, o. ri'ere set to 10,

yorl sirould see apploximatel-Y one
decade of flat ti'ansimlledance gain in
mai<hg tiris ureasrlr'emer]t. Equation 9

shous this equation for s = Fr1P1 where

=-
i,1B' GBP

' \ R,Cz

If rve uog'picl< an ry- (rvhiclt is tlte ra-
tio of the expecteil tratrsitilpedance
balchrjrltli to lhe lori'-flecluencl' point
at rrhich I,l becotnes eotstant with fle-
rlrier.rcy), Eclrution 9 rlal'be solvecl fol'
p to get:

--_:'znr!
" '\2n (10)

I t,to GBP

\ \ R'C2

Selecting vahies tbr all ofthe teirns
on the i'ight side of Ecluation 10 n'ill
give the maritntillt allorverl valtte fol p.

Picking a B less thau or eclual to this
value wili set np the inlerface to pro-
virle a test cun'ettt witir certain pi'o1r
erties. The test current is constant
over solre fi'equetrc-Y l'ange fJreater
tltatt cr., bnt belot the expectecl F-3,1g,

ancl it does r-iot shorv au increa-sitrg I,r
due to the self resouauce of C1 tuttil a

fLequenct' BF-jas is t'eaclied. lliith P

selectecl le-"s thatr or eqnal to tlie eval-
uation of Eclttation 10, a vahie fol' C1

may be set usitrg Equation 6.

Thei'e is au alterlatire allpi'oilch to

accor.rnting for the fi'equeucl' tleperl-
cient test cLu't'ent deiivel'erl i:y tltis iti-
telface circuit. Perforu 2 -stvept fi e-

qLle1lc1r calibralior.i of I,1 ris. \r. anrl
lhen use the netrvork at-iaiyzet"s cali-
bration featnres to ttonnalize out this
nonuniforrni.ty- Sinee \ye at'e trying lo
prochrce a test current itito a vittual
glomrcl, this notmaUzation \Yotll(l i'e-
qnile an irleal tiznsinlteclatrce stage.

Aitemalitell', a rridel:attci llassil'e
cu'l'ent probe (snch as tlie CT-2 probe
fi'orn Tekti'ottix) cottlcl be useti, l'ecog-
nizurg that the 1ti'obe leflects a load itn-
pedat-lce into the circtrit. A pi'obe tloes,
hol,ever; intloclnce its otrrr fl'ecluency
l'esponse at'tifacts that tnust be seila-
lated fi'om the DUT response. T]-re to-
tally passive approach shotvtr hete u'ill
give goocl results with a lot les-s effort
once C1 is caleflil11'seiectetl.

To shot' measllr'elrettt lesults tts-
ing this test itrtet'face, !1'e testet[ a
i'er'.r. chalieiiging transirnperlance 11e-

sign tirat uses off-the-sheif cotnlto-
nents. This clesign sets out to rielivel
as much tlansirnltetlauce gaitr as ptlssi-
ble fi'or.r-r a 20-1tF sollrce captrcitance,
t'hile achieving a 14-ilIHz sigrtal bantl-
width and as 1og'att outpnt itrteglatetl
noise as possible. This ciesigt achieved
80-KO tran,sitnl:edauce galtt rvith the
lecluiretl 14-lllHz banrirvidth. It aiso
hari an eciuivalertt itrprtt current noise
der.rsity (if integratetl at the output to
0.707 x l MHz) of 7.5 pA/rlHz. The
completeti test cit'cuit aucl tleasrtre-
nrer.rt interface at'e shoxu iir FigLu'e 3.

Tire riesign llses a witlebancl, r.uiity
gain stable, FET-input op atnp (the
OPA655) aiong with an aclclitional gain
stage insitle tire loop of tliis fir"st ampli-
fier. This seconcl-stage atnlllifiel', a

ver)' \f idebairrl cun'eirt feetll:ack op
arnir (the OPA658), esseulia.lly in-
cleases the gain-bar-rclwiclth pt'ocluct of
the lirst-stage amplifiet'. l{ultiplf ittg
tlie 240-HHz gaiu-bantlwitlth protluct
(GBP) of the OPA655 bv the secoirtl-
stage gain of+9 gives the ecprivalent of
a2.2-GHz GBP to u'ot'k q'ith. The de-
sign for maximum tr-ansimpetlance
gaiu is limitecl b-v the ninitntu achiev-
able feedback capacitor; C1.

In this case, a 0.2 1tP minitnum
value allorr.ecl an 80-KQ transitnllerl-
ance gail to be achieveri u'ith a flat fi'e-
clrlency l'esllollse. EYalnating E qua-
tion 5 using this 2.2-GHz GBP anrl C.

= 20 pF + 2 pf (OPA655 inpul pa'asitic
capacitance), sliou's thai Fo = 14 i'IHz.



Since the feedback impeclance pole at
1/R$s has been set equal to 0'707Fo,

the resultirtg F-'r,tB = Fu.

To set the values foi: the test inter-
faee circuit, Eqriation 10 ultst be eval-

uateci. This clesign initiall1'targeteel an

o. = 10 anci assumed a rnaximum L1 = 3

nH. This vahre for L1 is a reasollable

estimate fol chip capacitors or ieaclecl

celatnie capacitors if the leads are
kept ver-v sholt. Ecpration 11 shou's
tl.re calculation foi'maxirnum F'

. t1
?llonc)\ ' ^
-\-" "--,,1' o-\ LlL

= 8.5
(1 1)

iu,H(*),ffi,q
Foi'this clesigrr, au initial F = 5 u'as

selectecl. This ri'illput the self resotlant

{i'ecluency for C1 at a fi'equency at least

Li,e tlmei the anticipatetl transimpeci-
ance banci'w'idth. Solring Eqtiation 5 fbi'
this clesign gir.es Equatiotr 12:

a.r- 
'"' - B,,H(;)'(zntarr'tu 11'

= 1725 pF

The ciesign target for C1 \Yas re-
ducecl to a statrclarcl value of 1500 pF itt

practice. {Jsing 1500pF u'ill sett}relorr
-ft'uqn"rlcy 

lrole in Equation 1 to 1 SIHz'

Recogniz)ng that the total capaci-
tirre source irnperlance is the set'ies
courbinatiotr of C1 and C2, will increase

the retluiled C2 from its itleal value of
20 pf to 20.3 1tF. This adjrrstntettt ttas
u,ithin the capacitor tolelztrces-so lYe

sirnply used a 20-PF value for C2-

The last factor to cotlsicler is the an-

ticipatecl measur-ed transimpetlatrce
gain" The first part of Equation 1

ilrotr" the anticipatetl transconcluc-

actually measure tlie gain after tlle 6-

clB losi is taken thlough the selies
matcling resistor at the output' Output
matching is optionai fol this appiicatiotl

but ver1, useful fol'nets'ork analyzer
measLuentellts. Since the OPA658 l'ili
cleliver this outprt sigral, aud it's opti
mizecl to ch{r'e 100-ft loacis u'ith no loss

in perfortrance, this siroukl not intro-
duce ertotrs irrto the tneastu'emetrt'

The 6-clB loss through this otttpttt
matclfng lesistor can be norrnalizeri
out by perforrning a "tlil'tl" calibration
of thL analyzer bf itself' Do this b1'

connecting: the outpttt 61 \r. tlirectly
into the ll-teastll'erlenl port n'ith a ca-

ble antl performing a "thr[" calibra-
tion. This qtll tromaliae out this last 6-

clB loss and any nonunifolmities il tlie
signal sotlrce or llleastlre[rent polt
over the test ft'ecluenc}

Figue 4 sirolrs the lneasured gain

ancl phase for the tratrsirlpedance gail
stage lrlus the test ilter:tbce of Figttle
3. Theie measured results very closel)r

rnatch tltose preclietetl by the anal-vsis'

?he in ci'easing poltion of the gain
clu've eoirles flom the zero in the
tlansconcluctance of the test intei'face
cilcuit as shosn b--v Equatiot-i 1.

The frequetrcy respotrse forjust the

transitlpeclance amp)ifier rvill con-

tinue flai ciorvn to dc at the rnirlband
gain of Figure 4 (shol'n as a dotted
line). The measru'ecl 1ou'frecluetlc)'
comer occ1ll's exactly at the preclictecl

1 }'IHz point. The meastu'ed 23.7 dB

midbanci gailr is very close io tlte pre-

clictecl 23.45 dB. The cliffei'ence is at-
tributable to componel* tolerances'

The tneasru'ed high-frequensy col'-

ner comes at a siightlyhigher fl'ec1nencl'

tlran preclict erl-l7.ZLVIHz rs. a pre-

clicterl 14l'IHz. This is likely due to the

arklitional phase shift insitle the loop fur-

trotlucecl by the OPA658 gain stage'
Eyen thoug'h this amplifier has a 'sl.nall
sigral banclwiclth greater than 200 lIHz
aftire gain of +9 usetl here, its 0.8-trs

plopagation c1elay intlotluces an acltli-

iional A'lrhase shift, at the ioop-gain

"rosso"ei'frequency 
of 28 IIHz. This

slight clegladation in phase rnargin is
ertending the closetl-loop baldri'idtit'

fuIiclruel Steffes is tL stt'o.tegtc ttcti''
keter Jbt'ttrc Higlt Speetl Diuisiott of'

Btttt,'Btourn. He, ltrt s u BSEE .ti'rnit.tlte
[.i iti uei'sit'y o.f Ko. rt sn s at Lalui' ett ce,

atul ctit l'IBAJ:roitt Colo'totlo Sto'te

[,i r tii-: er sit g, F art C allit t s.

tance from V. to Ia in the rridbancl fre-
quenc"y range once the P1 pole fre-
,i.,"rrcv is exceerletl. Tltis
ti'auscontlrtclance is thelr nrLrltilrlietl
by the transilnpeciance gain (equal to
Rd to get the expecteci \ioltage gair
fiom V" to Vu. Equation 13 combines
these into al expectecl voitage gain'

\i,, Ri

T=AFH
Substituting the values fl'om Figtu'e

3 pretlicts a measurtl gain of 10.53 VA7
(or20.45 tlB). The net*'ork atrallzer rvill

(12)

(13)
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