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CENVERTOR BACKGROUND Fetidibboion
Applicants' invention relates to circuit topologies for accurate _

| ogarithmc conversion of the envel ope of a nodul ated signal.

In many types of radio receivers, logarithmc envel ope detection is used 5
in various ways for recovering the information transmtted. For exanple, in
receivers for anplitude-nodul ated (AM radio signals, |og envel ope

detection can TEMPERATUREIEOMPENS ATED! DOGARITHMIC HONVERTIOR Al t €1

exponenti al conversi on, the original -informati.on, i.e., the

nodul ati on signal, becorres avai |l abl e. h;% ﬁROl&Nﬂ/pi cal data receiver, the
output of a | og convertor provides one of the 1 conponent s needed to

deconpose the signal Applicants’inveation flatesitoocisouitstopologies fonacchratertogarithnhie
d.c. level of the ou | r vel. o detector is an

i ndi cation of thWE?B?’\/%PO&E Yf’-jgp?s ‘i%mfﬁﬂﬁ% Log envel ope
detectors are known fﬁPﬁhﬁbef Pifi6 fécervery, 'ng%Hﬂﬁﬂfoenvelo?e deRetiot fssed

papers, and circuit device catal ogues. They are often configured as a 15
cascade of |fm tmmsm&&nmvemgdhe orphation toamsmitteds Ber example, mave

det ect or and .an |i f Ut naI S

the sections protf ‘toPam iéﬁdﬁ' (‘%‘QSH#%EABB?‘ e TNE gF%ﬁﬁ?“

One of the probl m_seaffo.e deRO@atirigethe Fedtived ANESigndl] I Afiér! éxpofiertia cénversion,
the original information, i.e., the modulation signal, becomes available. In a
typical data receiver, the output of a log convertor provides one of the

10  components needed to decompose the signal into its I and Q components.
Furthermore, the d.c. level of the output of a logarithmic envelope detector is an
indication of the received signal strength.

Log envelope detectors are known from several patent apphcatxons,
technical papers, and circuit device catalogues. They are often configured as a

15  cascade of limiting gain sections, each of which consists of a full-wave detector

- and an impliﬁer Summing the outpat signals generated by .the sections produces
an accurate loganthm of the input signal.

One of the problems often encountered with these circuits is their
sensitivity to parameter dispersion and temperature variations. This leads to

20  rather large errors in the convertor’s outpixt voltage.

This sensitivity problem is often solved by measuring the transfer
characteristics of each individual circuit and storing the measured transfer
characteristics in a memory, such as a ROM, together with required corrections

- for. temperature. Of course, the drawbacks of this strategy are the large effort
: '25 required for collecting the measurements and the circuit overhead requu-ed for
adequate error correction, e.g., the tempexature must be measured by an
additional temperature sensor.

Another problem is the operatmg range ofa loganthnuc envelope detector

is usually determined by the noise level and the maximum allowable input level.



sensitivity to paraneter dispersion and tenperature variations. This |eads

to 20 rge errors in the convertor's output vol

Thi s sengﬁﬁq{fap?obl emis often solved by nmeasuring thekﬁéﬁﬁo&”
characterisics of each individual circuit and storing the nmeasured transfer
characteristics in a nmenory, such as a ROM together with required
corrections for tenperature. O course, the drawbacks of this
strategy are the large effort 25 required for collecting the neasurenents
and the circuit overhead required for 2. adequate error correction,
e.g., the terrperature must ‘be measured by an . additional terrperature

sensor . ectivé BRixiREm ARHRIEE iSudifly SReERbd

| ogarithmc enve ope detector 1S usuaYI y det e g%y e n0| se.
1evel and t hdmmthampmmwﬂ‘leanpnmnal.e\ﬂfl course, me\mamnm not add
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attenuator t Qlwa sachidv&‘in&kiﬁuﬁﬁ'f&kélﬁude of the input signal. course, the
att enuat or rmnust not ad 't'0o0 nuch noi se or introduce extra t enperature

dependency. This @mmnkofalosu&mvabmm:w@m@%dw%m ts. 5
One exanpl e ofdh by Adkioh Bivices M e RVicd onbali'a Lakcdddorifiting Satd C©
| sections, each consisting of a full-wave detector and an amplifier stage. The
maximum input level is determined by an integrated attenuator, which is
compensated for the effects of temperature vanauons, and the noise level is (
10  mainly determined by this attenuator. ' : .
~ U.S. Patent No. 4,990,803 to Gilbert distinguishes between three basic
types of logarithmic amphﬁer (or converhor) (1) using the exponential law of a
PN Juncnon ) analog-to-dlgxtal (A/D) conversion and digital log computation;
~and (3) successive detection or multi-stage conversion. Examples of the ﬁrst
15 basxctypearedescnbed in U.S. Patents No. 3,569,736 to Tschinkel;
No. 3,790,819 to Chamran; No. 5,200,655 to Feldt; and No. 5,286,969 to
Roberts. Of more interest with respect to Applicants’ invention is the third basic
type, examples of which are described in the Gilbert patent and U.S. Patent
No. 5,296,761 to Fotowat-Ahmady et al. and European Patent Publication
20 No. EP 0517 305 to Fotowat-Ahmady etal. '

The Gilbert patent describes a log amplifier having a plurality of d.c.-
coupled gain stages that are based on differential amplifiers biassed by tail-
current generators. ‘The currents supphed by the current generators are
proportional to absolute temperature and are compensated automatically for the

25  effects of finite transistor beta and base and emitter resistances. Each stage
includes a detector that is implemented by distinct components and that produces
the stage’s temperature-dependent logarithmic output current. Since each
detector loads the forward signal path, emitter followers are included as counter

N



made by Anal og Devices. The device contains a cascade of limiting gain
sections, egélecaepgi sting of a full-wave detector and an anpj b%l?ﬂﬂ!ﬁ

The maxi mum 1 nput |l evel is determ ned by an integrated attenua
which is conpensated for the effects of tenperature variations, and
the noise level is 10 mai nly determ ned by this attenuator.

U S. Patent No. 4,990,803 to G| bert distinguishes between three basic
types of logarithm.c anplifier (or convertor): (1) using the exponenti al

| aw of a PN junction; (2) analog-to-é3gital (A/D) conversion and
digital |og conputation; and (3) successive detection or nulti-stage
conversi on. Exanpl esIronlbem’sflog amplifier, tienadca mfthelngjﬁmcnomxmtreamuss

Patents No. 3,569, 736.to Tschi nke No. 3, 790, 819 to anr an; .
5, 200, 655 t 0 Few?'atmhw y@@e% {n,a larger n %‘mﬁ T

Wi th respect to ukrehfsd
exanpl es of mﬁé{?gﬂa&%%ﬁs?%gﬁﬁ%%ﬁ%%%ert p{zgf gﬁ?ﬁgﬁ O. ghor%lé?iém

No. 5,296, 761 tabsphate temperdtunecandemustbe compeniatedpfor haseacusrent bosses. cThe on 20

oscr bes 51 ogCt BRiel ShGIGRRIRN efi Bt s et ampln Bl by bl

stages that arethg @ acfosk the Bollectdr réistors with an adifete feedbadkloop that

current generators. e currents supplied by the current generators are

propor ti onal tomgbtdgs amodel differential pairn dAlthousk patsatially mereatelighigtthami |y for

the 25 effect f n t e

r esi st ances e chfioefisatbl; I e’ 0B 55 BRMSEF oebiarom) myst,
di stinct Conponwmnﬁaﬁhltyfm dxprstslgadken into adcbentst age' s .
t enper at ur e- dependent qarlthm c output _ current. Since each detector -

| oads the 8rward si Bhﬁ'ﬁ o detectordescabed in Folpuiat- Ahmady sdEurgpean publigatione
nmeasures. like the amplifier described in the Gilbert patent, each stage includes a detector

“that is implemented by distinct components. On the other hand, the logarithmic
output voltage is not obtained from the common emitters of the differential
amplifier, but instead an extra differential pair is added at the collectors of the

15  differential gain pair. This introduces more offset probiems and influences the
-small-signal behavior of the gain section because the extra differential pair loads
the gain section’s output. o o
The outputs of Fotowat-Ahmady’s extra differential pairs are connected to
a sense amplifier, which is itself a differential pair. (The other input of the sense
20  amplifier is connected to a dummy circuit.) The sense amplifier includes a
resistor for adjusting its transfer gain, and this emitter degeneration resistor
contributes to a reduction in the accuracy of the device. Accuracy is further
reduced because the device’s differential-amplifier tail currents are matched by
trimming, which results in unpredictable temperature coefficients.
25 The log detector described in Fotowat-Ahmady’s U.S. patent is different
" from the detector described in the European publication in a way that tends to
improve the proportionality of the detector’s response. Also, the bias-current
organization in-the device described in the U.S. patent is different from that
described in the European publication, in which all current sources are intended
30 to have the same temperature coefficient (a condition sought by simulation and
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In Glbert's log anplifier, the accuracy of the log functi ocr.lrllsncréases as

t he gain decreases, which results in a |arger nunber of sections for a

gi ven gai n. Al so, the gain, which is fixed by the tail currents, nust
be proportional to _ absol ute tenperature and nmust be conpensated for
base-current | osses. The 5 Gl bert patent stabilizes the gains of its
differential-anmplifier pairs by controlli-dg t he vol tages across the
collector resistors with an indirect feedback | oop that I ncl udes a

model di ff er enfimaling)ai In. thé\device déscribed int thel U5, ipatent, it biab lcarrehs have two

explicit conpepsation, all systematic errors (such, as transistor beta
errors) nust differentjgmperatuge Sﬁgwﬂ'&n@éwﬁﬁéﬁﬁ 3]“1!1!4%5 ds bigssed hycd gurrent; o

In the | og de : f"ggm g] bt oé% MG ¥ih 5{5‘%0 jLakh on,
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detector .  provided todesensitizeithe outpbtycuirent,i uses a reference taikcurfentt he ot her

hand, the logarithgc utput vol t age.,i ot .obt.ai ned f,romthe, conmon

enitters of tghe di ﬁﬁm%'ﬂﬂ""‘em i°§r‘€° @a?ﬂﬁ?'ﬁg?saw%ﬂ%ﬁ’?a‘ab |

di fferenti al B?itﬁehéﬁ&fid%raéve},hﬁiﬁ%é%irgk&ugﬁbﬁ&o,ﬁheﬂhfef-eren“a' gai n
an e

pair. This intfoduces nore offset grobl em I nfluences t
smal | - si gnal bhdractenistics fare determined by ¢he emitler degeperating resistozs, avhidher ent i al

ir |oad . .. the gai L on. t put . The. output s of
Fot owat - Abmad Paicastip8 Sinie Gt b infend 16 RSt dargesipmal dg. proveftied orfhe S, 0
anplifier, whigie amplifie€bipoRr detitey.ential pair. (The other input of the

sense 20 anplifier is connected to a dummy circuit.) The sense anplifier
I ncl udes a _ :

10 . SUMMARY
- A logarithmic convertor according to Applicants’ invention eliminates
several of the drawbacks mentioned above and provides a circuit solution that is
- virtually insensitive to parameter dispersion and temperature variations. This
eh:mnates the need for external temperature correction. -Moreover, the
15  logarithmic transfer function of a convertor in accordance with the invention has
superior accuracy, eliminating the need for extemﬁl arrangements for transfer-
function-error correction. Applicants’ logarithmic 'convertor has fewer
components than prior devices, and therefore Applicants’ device requires less
20 In accordance with one aspect of Applicants’ invention, a logarithmic
convertor has a plurality of sections electrically connected in cascade, a
temperature-compensating section connected in parallel to the cascaded log
sections, and an output section. Each log section comprises a constant-gain
differential amplifier, means for generating a reference voltage that is
25  substantially equal to the common-mode component of the section’s electrical
input signal, and a sense amplifier for generating a temperature-compensated
section output signal. The temperature-compensating section comprises similar,
if not identical, amplifiers and reference voltage generator.



resistor for adjusting its transfer gain, and this emtter degeneration
resistor wooseMe i butes to a reduction in the accuracy of plREiGNese-

Accuracy is further reduced because the device's
differential-anplifier tail currents are matched by - - trimm ng, which
resul.ts in unpredictable tenperature coefficients. 25 The | og
detector described in Fotowat-Ahmady's U. S. patent is different from

the detector described in the European publication in a way that tends to
i nprove the proportionality of the detector-% response. Al so, the

bi as- current organi zation in the device described in the U S. patent
is different from thaln particular¢hese iséativns inclde curenp genertots thatoprioduce i n

which all current sources are i.nt.ended 30 tg. have the sane te rature
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These features linit the accuracy of the |ogarithm c conversion obtainable
by the device. Mscdowand ingthejtemperature,coppensating section panh include twe pairs of

Darlington-connected bipolar transistors. In another aspect of Applicants’
invention, current generators in each section include a model of the constant-gain

10  differential amplifier in the respective section. In yet another aspect of
Applicants’ invention, at least one section further includes a device for
‘attenuating that section’s electrical input signal.

BRIEF DESCRIPTION OF THE DRAWINGS
The features and advantages of Applicants’ invention will be understood
15 by reading this description in conjunction- with the drawings, in which:
Fig. 1 is an electrical schematic diagram of a constant-gain amplifier;
Fig. 2A is an electrical schematic diagram of a reference voltage source;
Fig. 2B is an electrical schematic diagram of a combination of a constant-
 gain amplifier, a reference voltage source, and a network for generating the input
20  signal for the reference voltage source; :
'Fig. 3 is an electrical schematic diagram of a sense amplifier;
Fig. 4 illustrates a logarithmic amplifier section;
‘Fig. 5 illustrates a temperatire-compensating section;
Fig. 6 is a block diagram of a logarithmic amplifier including a cascade
25  of logarithmic amphﬁer sections, a temperamre-compensating section, and an
- output section;
Fig. 7 is an electrical schematic dxagram of an output section;
Fig. 8 is a plot of the response at various temperatures of a logarithmic
amplifier comprising a cascade of log amplifier sections;



characteristics are deternmned by the emtter degeneration resistors, which -
i ndi cat esyigignpgpgence of any intent to use the |arge-si gna{,c,fj’sfmgmpertles

of the ~'sense anplifier bipolar devices. 10

SUMVARY A logarithm.c convertor according to Applicants’

I nvention elimnates several of the drawbacks nentioned above and
provides a circuit solution that is virtually insensitive to

par anmet er di spersion and tenperature variations. This elimnates the
need for external tenperature correction.-6Mreover, the 15 | ogarithmc

transfer function of a convertor in accordance with the invention has
superior accuracy, F@iQWda@ibﬁ&chanﬁddiagmﬂdmaiodeHmmtas for
transfer- functlon e or correction. Applicants' logarithmc
convertor has SPRSRAt-gan ‘%ﬁrrponents t han prior devices, and therefore
licants' device &M y éﬁ‘ﬁnd
ﬁgpaccordance wi t hF(i) gwaspect o? “K’S"} fogants i nﬁnt | ogﬁﬁ garllf
convertor has sectp’nural ity of sections electrically connected in cascade a

terrperatu - conpen I N0..SECL.i on_conn arallel too th ascaded Iog
sect i ons, nd an o ﬁ)uﬁ’y@ %ﬁ?’b 'E'&E‘PE’O‘F?"E 58418 am fE’E’mstant gai n
differential arrpllhgsru m&mmmwalﬁra&{aebﬁﬁsﬁstxg& ;laage that is 25
substantially equal to the comon-nbde conponent of the section's

electrical - i Kigitl3sillystrates amembodiswatofaafirstiordar loop filfener ating a

t enper at ur e- conpensat ed section output signal. The

t enper at ur e- conpensati ng section conprises simlar, - if not identical ,
anplifiers and reference vol t agDEFAHIED DESCRIPTION ‘

The accurate logarithmic function obtained by Applicants’ invention is
10  derived from the accurate exponential relationship between the collector current
and the base-emitter voltage of a bipolar transistor. With two bipolar transistors,
a differential pair is constructed, and the logarithmic behavior of this differential
pair is the basis for a lbgan'thmic amplifier, or convertor, in accordance with one
aspect of Applicants’ invention. - It will be understood that bipolar transistors are
15  needed only where the exponential law of the PN junction is relied on; the other
transistors used, such as those in the current sourées, could be suitable
"MOSFETS or the like. - Around the differential pair, a section of the logarithmic
* convertor is built, and the convertor comprises a cascade of such sections. As -
 described below, each section of the log convertor has three parts: a constant-
20  gain différential amplifier G, a reference voltage source R, and a sense
amplifier S.

Referring to Fig. 1, the constant-gain differential amplifier G includes the
above-mentioned differential paxr-Ql, Q2 and a pair of collector resistors
RC1,RC2, which are connected between the supply voltage V,,,, and the

25  collectors of the differential pair. The amplifier G further includes a taﬂ-current |
| source Ipyar, Which is connected between the common emitters of the differential
pair and the circuit ground. The magnitude of the current supplied by the tail-
current source Ipp,r is propomonal to the circuit’s absolute temperature, and is
referred to below as a PTAT current. The tail-current source Ipr,y is



WD 96/ 10796

PCT/ SE95/ 0398 $6r10796 , , PCT/SE9SR1097

Im particular, these sections include current generators that produce
currents having nmagni tudes that are proportional to the tenperature of the
| ogarithm c convertor and generators that produce cutrents having

magni t udes that are constant with respect to the tenperature of the
convertor. 5 I n anot her aspect of Applicants' invention, the
constant-gain differenti al anplifier§%and a differenti al anpllfler in
the reference vol tage generators in_each section_and in the

t enper at ur e- corimpieraented; by agnodal; biassing itechnigue thatds described in more detail
Dar | i ngt on- con ts'
Cavent fon,  cur roigy Jh ditferBhia AR sl £ proviledig W%&@”%Wﬁ’g’&ﬁ‘k&*@‘
constant - gai n 1j8 connéctédetocthe base terminalsi ofrthe différentiat paie Q1,VQ2.s Typicah values yet
anot her aspect i ca vent i | east ne section
further .incl ude@'éh’d@ﬂee@'ffgﬁ‘ rﬂé R&&( f)‘?“hﬁi??hf&’t aé‘g ¢ Gonstantealt [ ca
i nput si gnak Bitrdlt oPRB6E I,@jr%pe'ny DRAW NGS
The features an‘gﬂ% %rﬁ%ué%gao . Bi tma%ts |nvent|o¢1)TW| e under st ood 15
by reading this descThqaconstant-gamcmffemnualcamphﬁehGha three dutgut, nodes:withestwo
Fig. 1is an.e rlcal erratlc di agra constant lerg
F o, oA s an eralleporeand Bammen itk of e dlcteuia dair. Pl ralige omied
Fig. 2B is an ej&whéd ti!coedtSias ithe ﬂhﬁﬂﬁéml%ré‘ltxﬁpﬁbh@%lfagé @fwﬁcﬁ‘i’{‘ﬁfea”t'
linear output sxgnal of the constant-gain amplifier. The amount of amplification
10  (i.e., the gain of the amplifier) is independent of temperaturc_:, due to the PTAT

character of the tail current. The voltage formed between the common emitters

and the circuit ground is the logarithmic output signal L, which comprises the
common-mode input voltage, a temperature-dependent offset voltage, and a
_ temperature-dependent logarithmic function of the differential input voltage.

15 It will be understood that the common-mode component, the temperature-
dependent offset voltage, and the temperature dependency of the logarithmic
output voltage must be eliminated. The common-mode component and the

temperature-dependent offset voltage are compensated by the reference voltage
source R described below. The temperature dependency of the logarithmic
20  function of the differential input voltage has two parts: the logarithmic output
~ voltage is proportional to the absolute temperature, and the input voltage is
scaled by the absolute temperature. The output voltage’s proportionality to
absolute temperature is eliminated by the sense amplifier S described below. The
input voltage’s scaling by the absolute temperature can be compensated by a
25  temperature-compensating section of the log convertor, which is described below.
It will be appreciated that the constant-gain amplifier G combines the
functions of the separate limiting amplifier and detector that are used in log
convertors such as those described in the Gilbert patent and the Fotowat-Ahmady
 patent and publication. Furthermore, Applicants’ combining the transistors in the



gain anplifier, a reference voltage. source, and a network for generating

the i nputw@@eemé gnal for the reference vol tage source; PCT/SE95/01097 Fi Q.
3 is an electrical schematic diagramof a sense anplifier;

Fig. 4 illustrates a logarithmc anplifier section; _ Fig. 5
Il lustrates a tenperture-conpensating section; Fig. 6is a
bl ock diagramof a logarithmc anplifier including a cascade 25 of

|l ogarithm c anplifier sections, a tenpera&ure=conpensating section, and an
out put section; . Fig. 7 is aW electrical schematic diagram of
an output secti.o

ot of t sponse at
various tenpeP@ ?ma@hﬁﬁ%\?‘?q ﬂﬂg‘éf"“rea gl?Fp!“?'P!’%'r r}&f#ﬁ? i cascade
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Fig. 9 is an el ect The sefercote-voltage saursg rlhmmpemamﬂsl logmthinltaoutpng a
conSt ant- 921 1 e Rl ot gl ampi, B for bt eibotBiile 687
11 ilTust5at empat sighdl] "Hiedefer@iteaoliage sORASRAD b copy of WP Edristant-gain
' amplifier G that operates under the same bias conditions to obtain the necessary
compensating voltage. As seen in Figs. 2A and 2B, the reference voltage
source R includes a_noth_er_. differential pair Q1', Q2’, another pair of collector
- resistors RC3, RC4, and another tail-current source Ipp,;’. The magnitude of the (
10 current provided by the tail-current source Ipy,;’ is again a PTAT current.

. To obtain the desired. compénsaﬁon the common-mode in'put voltage at
the base terminals of the reference voltage source R’s dxfferennal pair, i.e., the
source R’s input sxgnal at B, must be substantially 1denuca1 to the common-mode
voltage presented to the oonstant—gam amplifier G. In the log convertor, two

15  distinct common-mode input voltages must be considered. |
For a log convertor section that is .'not. the first section in a cascade, the
- common-mode input voltage to be considered iﬁ that generated by the preceding
log convertor section in the cascade, i.e., the common-mode voltage generated at
the collectors of the preceding constant-gain amplifier. This common-mode
20  voltage can conveniently be generated by a network comprising a third
| resistor RCS and another PTAT current source Ipr,;'’ as illustrated in Fig. 2A.

. Foraiog convertor section that is connected to the input signal to the log
convertor, e.g., the first log convertor section in a cascade, the common-mode
input voltage to be considered is that generated by the source of the input signal.

25 higammn,ﬂnsvohqg:ulhﬂbmmtﬁon;ﬂmcpmummbnuﬂevohmgszntheoﬂmx
‘log convertor sections, containing a d.c. component and, if the input signal is
unbalanced, an a.c. component due to the input signal. (When the log convertor
section is driven by a balanced input signal 1, the common-mode a.c. part of the
input voltage level is zero, and the voltage at B is also 2ero.) The d.c.
30 component can simply be derived from the input signal source, and the a.c.



Filg. 12 illustrates an attenuator and differential buffer stage; and
Fig. 13 il wegdéeioss an enbodi ment of a first-order loop filt /SE9S5/01097

DETAI LED DESCRI PTI ON The accurate |ogarithm c function
obt ai ned by Appliicants' invention is 10 derived fromthe accurate
exponential relationship between the collector current and the

base-em tter voltage of a bipolar transistor. Wth two bipolar transistors,
a differential pair is constructed, and the | ogarithm c behavior of this
differenti al pair is the basis for a{9garithmc anplifier, or
convertor, in accordance with one aspect of Applicants' invention. It
wi || be under st compbhert fos aﬁll;ruﬂbahnse&(shtgle-eﬁed)lﬁgnalnsenbthlﬁofﬁwhpue t he
exponential law of the PN_ju ion is re on; the othey

transi stors usedi® !‘ﬁ“%ts #11312’3%5'?‘1’1"&4180‘8 MO%G&PE%‘"E&&WWQ%M e
MOSFETS or the Iy fé?en ‘%“ﬁf faﬁ&ra‘%{&\h :
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Referring to Fi Qwo:ideﬂti&ﬂfeﬁ%}s'inl Rpain differenti al arrpl ifier Gi ncI udes
t he " above-nentioned differential pair QL, and a pair of collector

resistors 'RCL, Authe vferenceavaitage source & the:v ahthesolipctors.of thage
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bet ween the comgdtntoi érhitlefs off thé diffsrentiad talnal ground is th@ biitpaNsighdl ©fheé CUi t
ground. The nagnitude of the current s n£| i ed the tail - current

source |[erH} i yolagmsurceoRal Thepoutput signat & is' ns@nmmmﬁbﬁspmmn and is
referred to bel oy AScingohett 1ﬁ%é f&&mhmgo‘x?dult sf‘gﬂﬁlrf%tfeown%&n{ ERR"] 1S

amplifier G.
As noted above, the sense amphﬁer S performs two functions in
generating the logarithmic output current for the log convertor section: it
15 cbmpensates the common-mode component, and it temperature compensates the
input signal. In accordance with Applicants’ invention, the sense amplifier has a
on-linear d.c. transfer characteristic that is based on the accurately known
 exponential law of the PN junction. Applicants’ combination of the non-linear
d.c. transfer characteristics of the sense amplifier S and the constant-gain
20  amplifier G, which is also based on the exponential law of the PN junction,
results in an approximation of a logarithmic function that is more accurate than
prior devices, provided the amplifiers’ bias currents have the proper temperature
coefficients. .
In accordance with one aspect of Applicants’ invention, these temperature
25  coefficients are determined by indirect feedback techniques rather than trimming
or metering. In this way, systematic construction errors are eliminated, leaving
only circuit component mis-matches as an error source for the temperature
coefficients and greaﬂy enhancing thedeszgnabnhty of the log convertor.
Moreover, in contrast to prior convertors that have separate détectors,
30  Applicants’ sense amplifiers do not load the forward signal path, and thus
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i mpl emantvgégéy 2 model bi assi ng technique that is descri b EETTOHYOY det ai |
below. A differential input signal | provided to the section of the |og -
convertor I's connected to the base termnals of the differential pair
Q, . Typical values for the collector resistors RCL,RC2 are a few
kil ohms, and the constant-gain 5 anplifier would have an operating
current of about 0.1 mllianpere. .j0- ~ The constant-gain
differential anplifier G has three output nodes: the two collectors
and the corrrrq‘gqul v%ﬂﬁ ‘ﬁ@ﬁ% ﬂiFWet

bet ween the ¢ ?&:“Eors st anplifie wferentla npuwgfpage C, which
is the rheéansg for mm;pmsam'ggme]h loailinghe constant-gain anplifier. The

anount of anplifi |on 10 t he I.n . qf, th lifier
i ndependent of te F‘&ui- 'SB iﬁergmclu&fﬂ a‘fh’@%l I
current. The Ieﬁ@eqﬁoraﬂa(wﬂ We&&b&ﬁéﬁ their comfHén! €

I C

circuit grou iS thé | ogarithm'c output signal conprises the

comon- nide iemitters and theyeircuit gronpds !nonecmﬂucmﬂiermdfmwtmbmagm and a
t enper at ur e- depende I [i C funct on of th fferentlal I nput
vol tage. 15 serise rillﬂ 3%(?‘#‘?% 1“H‘<t§ ?Pﬂg“ onponent,

t he tenperat Wh@mmmplfﬂ%rﬁiﬁ'éﬁenﬁilfcﬁ@uﬂéighﬁl eis rfifled tiFtheiTTBlente!l ©
dependency of the logarithmc out put vo 'ge nmust be elimnated. The
conmon- node &etWesndhe voltages ptthe collectors G, £382r of the differential prirQ1’'y ol t age

are conpensaigyd by, blfRriche spasa n\é?\%&qgneeded for converting the differential (
10  voltage to the current L; it is sufficient that the current L, is the current
produced by the effective voltage source formed by the collectors of the sense
amplifier differential pair. The input signals presented to the sense amplifier’s
differential pair are the voltages VS1, VS2 at the respective bases of the
transistors Q1'’, Q2" As seen in Fig. 4, the input signal VS1 is the logarithmic
15  output signal L of the constant-gain amplifier G and the input signal VS2 is the
output signal E of the reference voltage source R.
As a result of this arrangement, the common-mode component in the input
signal I is eliminated and the differential input signal at the sense amplifier input
terminals (the bases of the sense amplifier’s transistors Q1'/, Q2'') is a
20  logarithmic function of the differential input signal I to the constant-gain
The voltage VS1 is given by the following expression:

vl ]|

where V,__ is the common-mode volmge presented to the base terminals of the
differential pair in the consmnt-gam amphﬁer G (viz., the common-mode

25 component of the mput s1gnal ; Veisa temperature-dependent offset introduced
by the constant-gain amplifier G; V_T is a thermal voltage that is PTAT; and V,,
is the differential voltage presented to the base terminals of the differential



source R described bel ow. The tenperature dependency of the logarithmc 20
function of wdesfréd erential input voltage has two parts: thgdagathiym C
out put voltage is proportional to the absolute tenperature, and the

i nput voltage is scal ed by the absolute tenperature. The out put
voltage's proportionality to absol ute tenperature is elimnated by
the sense anplifier S described bel ow. The I nput voltage's scaling by
t he absol ute tenpeature can be conpensated by a 25

t enper at ur e- conpensati ng section of the |oglbonvertor, which is described
bel ow. It will be appreciated that the constant-gain anplifier
G conbi nes the amplifief iththel constant-gdis amplifier iz, tiediffereptial cumponent ofwie
detector that are used jn log . convertors such as those described in
the G lbert patdfputsignatBe Fot ovat - Ahmady pat ent and publication

Fur t her nor e, N ' VRO ol i - 6/ 10796
Fur ther mor e, APP1T Cang voliggd veh) fle!, ife bl kighdl Forh e f¥ference volfigg"

prior limting asowike®,ds givendydthe follawing rexpressisn:t he nunber of of f set
sources in Applicants' convertor, leading to increased accuracy.
The reference vol tage source R conpensgies thp | j(d)hm c out put

vol tage of the constant-gain. anpliffer &7 tHe ongl%)hn- node conponent of
the 5 i nput signal. The reference voltage source Ris a copy of the
const ant - gain  where V e is the common-mode input voltage at B presented to the reference

voltage source R; and V. is a temperature-dependent offset caused by the
reference voltage source R. ,
Within a predictable operating range of several Vo, the voltage VS1 can
be approximated by a pure logarithmic function of the voltage V,,. For example,
10  the voltage VS1 is approximately given by the following expression:

V,
V, = V__ +V,+V]log(2)+kV,log [_ﬁ,'i
T

where k has a value of about 2.7. It will be appreciated that the factor k
expresses the effect of the cosh function in the argument of the logarithm in the
exact expression for the voltage VS1 given above.
Accordingly, the differential signal VS1 — VS2, at least within the
15  operating range of the log convertor section, is given by the following
* appeoximate expression: L

v |
| LAY Vs2 .h. | ._k Tlog[ZV,]

bé{nusé corresponding terms in the approximate expressions for VS1 and VS2
cancel. o | |
From the preceding expression, it can be seen that the differential input
20  voltage V,, to the log coh\(ertor section is scaled by an offset voltage 2V, and
the logarithmic function is proportional to the thermal voltage V;. This



anplifier G that operates under the sane bias conditions to obtain the

necessar Ygy 0.,s,{’,:orrpensatl ng voltage. As seen in Figs. 2A l;e
ref erence vgf’tlage - source R includes another differential palr
Ql[err], @[err], another pair of collector resistors RC3, RC4, and

anot her tail-current source I[err]. The magnitude of the 10 current
provided by the tail-current source I[err] is again a PTAT current.

To obtain the desired conpensation, the common-node i nput voltage at

the base termnals of the reference voltal source Rs differential pair,
i.e., the source R s input signal at B must be substantially :
identical to tpbapmmwmmbymem 81 and the sehse amplifier’s - gai n

anplifier G thelo convertor, two .15 i ngt conmmon- e i nput
vol tages nust “Bl?c m&,xsamng wbemméeq&g 8&?8 on that

I's not the fir tsﬁ&ﬂm ,g(ag%ap 'ihéT&?ﬁ RubdevO! t age
to be consi dercglg I'S that genetrated by the precec ogbgonvertor
SﬁCt i OInI in thcompen?m the. mcri'rerntsrﬁomdlmwllecmwﬂl}' a?j& fimthecsense at .
the colle orso e prec alna 1|er n- node
20 volt E‘@Gﬁ ZﬁP%ﬁﬁ??é& a*??f'&%‘ H’Sf%'%ﬂ%%oa third
rosi stor RCS %ﬁpﬁﬁﬁk%?%?&ﬁ%&ﬁﬂ&i&%?ﬁf&éﬂ&&ﬁﬁ plifietS Thd ditferaitiafl 1 n Fig.

2A. . or a log convertor section that Is connected to the i nput
signal to theoutpyt current Igoof/thetsense amplifier isgiven by the fojlowimg expressianecti on in
a cascade, the common-node - i nput voItage to be considered is that

sections, containing a d.c. c#hpo

]

generated by the source of the input s naI eneral this voltage
is different fromthe conmon- im@enég{, E E,Er[lo?sl{ j:k | og converto‘
t signal is ,

unbalanced an a.c. conponent due-to the input (When the | og
convertor section is driven by a balanced |nput signal |, the
commmon- node a. c. part of the - input voltage level is zero ~and the

R e Tt S
amplifier; V.,., is the dxfferenual input voltage to the logarithmic convertor
10  section, viz., the differential component of the input signal I; and V., is the
thermal voltage. '
- It will be seen that the output current L, is not proportional to the thermal
voltage V; as a result of the temperatnre compensation in the sense amplifier, but
 the differential input voltage V,, is still scaled 'by Vr. This temperature
15  dependency can be eliminated by considering two cases: where V,, is PTAT,
~and where V, is independent of temperature.
In the first case, the temperature dependency of the input s:gnal is directly
canceled by the divisor 2V in the argument of the logarithm in the preceding
 expression. It will be noted that the magnitude of the differential input
20  voltage Vy, is PTAT when it is the output signal produced by another log
convertor section, such as a preceding section in a cascade. For this case, the
log convertor section is a combination of the constant-gain amplifier G, the
reference voltage source R, and the sense amplifier S as shown in Fig. 4.
_ In the second case when the drfferentxal mput signal Vy, comes from an
25 | independent signal source, the divisor 2V; no longer cancels the mput signal’s
temperature dependency, and the unwanted temp_erature dependency in the output
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cahponent for a ?M?fy unbal anced (singl e-si ded) signal is one- ‘Fl”? ? t he

I nput ~signal value. Fig. 2B shows a conbination.of a constant-gain
anplifier G and reference vol tage source R and a network for
generating the input for the reference voltage source. As seen in
Fig. 2B, the a.c. conponent of the 5 comon- node i nput voltage is
devel oped by the resistive divider fornmed by3the two identi cal
resistors R1, R2. " In the reference voltage source R the

vol t ages at the currént aemam‘s tThis unwanted itémperatute ddpqﬂancymbamanmﬂaﬂbﬁs
out put signals. Th voIt nal E between the n_em tters of
the differential ﬁﬁgg‘?go‘&ﬁ’aeﬂg’ %%E%at%mm&'r‘ﬁﬁ&l‘m‘r"“ﬁm opput cygiept, g e
source R The ouj ﬂgghn cﬂ; g%aéﬁoagsotiaeh%mmownm

| he | ogarithm'c output S|gn

node conponent L of the constant-gain

anplifier G Fig. 5. As noted above, the sense anplifi er S perforns
two functiong in erating the | arlthmcot ut._c enI for the
| og convertor secti onmgﬁ Wﬂm ﬁ‘l‘fgﬁ‘p ent and

it tenperature CARPRAGAGTESa réftrence vold%é%hrcilmpaénd 4 waﬁwﬁe@srvvgashas

Appl i cants' invention, t he sense arrpll ier has a non-i near d.
transfer char acttheilog cenverter seation ioes; MepﬂeﬂmdgfgrmwylmrcesRandRT

non-linear o ieliiesl ORA5E bt haBE E Bolefny ERIAL LTI, o 5

t he const ant - gai @mperature-compensating section includes a temperature-independent input
10  voltage V4, connected as the input signal to the differential pair Q1, Q2. Vg, is
a refei'ence voltage within the operating range of a log conyertor section and is
approximately 2V, at room temperature. As described below, the voltage Vg,
may be generated by any of several types of precision voltage source, and its

magnitude is selected such that the d.c. operating conditions of the constant-gain
15  amplifier GT match the d.c. operating conditions of the constant-gain amplifier G
o which the external input signal is connected. Also, the output of the
differential pair in the sense amplifier ST has a sense opposite to the output of
* the differential pair in the sense amplifier S as indicated by the polarity of the
output voltage source in Fig. 5. In this way, the input voltage V4, produces an
20  output current Iy that depends on temperature, and this temperature dependency
| uusedtomncelﬂletemperam:edependmcyofvu,ml,.,whmlmls subtracted
from L.
 The log convertor section shown in Fig. 4 and the combmauon of the
sections shown in Figs. 4 and 5 produce differential output currents that are
25  accurate, temperature-independent logarithmic functions of the differential input
voltages presented to their constant-gain amplifiers. In addition, the gains of the
sense ampliﬁers decrease as the differential input signal increases (due to the
'hyperbohc tangent in the precedmg expmssmn), and this behavior improves the
accuracy of the loganthmlc functlon obtained by the constant-gam amphﬁers A
3O log convator section, as shown in Fig. 4, is a combination of a constant-gain
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.20 anplifier G which is also based on the exponential |aw of the PN v
J uncti onwo9ene79¢ esults in an approxi mation of a |ogarit hlpcq-,shygﬁhg,on t hat

is nmore accurate than prior devices, provided the anplifrers' bias
currents have the proper tenperature coefficients. In *
accordance wth one aspect of Applicants' invention, these tenperature 25
coefficients are determ ned by indirect feedback techni ques rather than

trinmm ng or netering. In this way, systematic construction errors are
el i m nat ed, | eaving only circuit cdéponent nis-matches as an error
source for the tenperature coefficients and greatly enhancing the

desi gnabi | i t yamplifidreG (Fig. d)yra/reference voltage soarce ®/@ig. 2A ordrigs 2B), and apr i or
.convertors that hav te,detectors, 30 Appl i cants' sense anplifiers
Mﬂ%@ﬁa@ path and thus -

do not |oad t¥8% YR WD 96/ 10796

PCT/ SE95/ 01097 The logarithmic refationship obtained by a section such as that illustratéd
Applicants' |og converfor can d| spense wth emtter-folower buffers or

ot her 1854 finonlyoralid rever a digited sangeoefiinput voltages.  Thus, as desgribedr i ng

bai r Ofofr] opbpoRiAllbe conblret 4dfohi S cAEpBTf Bitnd tos el Hansecc.
their common A§ﬂlnsﬁﬂteﬂﬁ:€ﬁg 26)dhé bascade i3 \ohstBictd by corhettify therlimeat | v
preferr ed enbodi ment
output C (the collectors) of the constant-gain amplifier G of a first log convertor
section 10 to the differential inputs (the bases) of the constant-gain amplifier G’
of a succeeding log convertor section 20. Also, the collectors of the sense {
10 amplifiers 8’ in the log convertor sections 10, 20 in the cascade are connected
together for summing their l_cg output currents. The .logarifh_m_ic output current
of the cascade is the summed 'd_ifferential current of the individual sense
amplifiers in each logarithmic section. It will be appreciated that only two log
convertor sections are illustrated in Fig. 6, although in principle any number of
15  sections could be connected in the cascade. |
Only one temperature-compensating section 30 is needed to compensate
for the thermal voltage V. in the preceding appro;cimaie expression for V,,, no
matter how many log convertor sections are in cascade. The V term can instead
be canceled by making the input voltage Vy, a PTAT voltage, as liote_d above and
20 asis done in the Gilbert patent. Another way to cancel the Vy term is by adding
a logarithmic current generated from a voltage V4, as dcccnbed above. This
logarithmic current can be generated from the logarithmic voltage Vi generated
- by a single temperature-compensating section that is given by the following

——_"

25  Subtraction of Vyc from V,, shows that the Vy term cancels. Since the
expressnons for these voltages are only appronmanons, a small tcmpcraturc
dependency will remain in the exact exprcssxon for Li-



sense anplifier S would have an operating current of about ten

m cr oanper 96/1 The sense anplifier's differential out

I[cerr] is related to the difference bet ween the vol tages a
collectors CS1, CS2 of the differential pair Ql[err], Q@". In
general, no special network is needed for converting the differential 10
voltage to the current I[err]; it is sufficient that the current I[err] is
t he current produced by the effective voltage source forned by the
coll ectors of the sense anplifier diffserential pair. The input
signals presented to the sense anplifier's differential pair are the
vol tages VSI, VS2 at Afi6f theeP@etionscars preferably in on at sigl6 isemitondddbrer 1 ] .
@[err]. As seen in Fig. 4, the input S|gnal i's the Iogarlthnlc 15

out put  si gnal Lchm, alnlmuebraslmm mlﬂﬁﬁqmﬂs@@mmﬂ@mﬁ from discres?

A a result of PHbodpR: meprion, BF cbsf ol tisk I BE P tomponents

signal | is eli gf thetsectionscofithe corviehtor.e Morebverp ituwilisbegmadersivod that thenvarious
anplifier i nput termnals, (the bages, of the sens;n% lifier's

transi st or s SQL[ eymrent sopices descriped in this appli #C t he

di ff tial flentt

The vol tage. Va1 SoveieHF imblelrinicf by il expﬁ‘é'?‘s"'r’*‘émf cofBlatibhe.’ The

[err] Wheltzge \doarced described it thisvapplication, \such asgwoﬁmdét&goband)et he base

termnals of the | differential pair in the constant- |

(viz., the comﬁ%@bﬂ‘s%ﬁm&%mm (0t ansinfeerd iog Qﬂr@m
terrperature dep ty urces
anplifier G VT | ssg{l}eﬁgérwq‘ %dhﬂ eﬁfﬂ)gtbulﬂgm'g_r teh Bfgir%irﬂ] cﬂﬁg@sol S the

differenti d0 voumlgeumdeteantegmte ﬂ\et\mtagamrcesmliriag somfertohe differential
The accuracy of the logarithmic function achieved by Applicants’

convertor depends on the small-signal gain of each log convertor section in a
manner that is fundamentally different from the dependency of previous devices
such as that described in the Gilbert patent. In Applicants’ convertor, an optimal
15  value of the gain is currently believed to be about 12 dB per section. In a
cascade of sections, the operating range of the log convertor is expanded by
“about 12 dB for every added section. At the limits of the operating range, the
log convertor error rapidly increases, but within the operating range, one can
distinguish three modes of operation for each section in the cascade. If the input
20  signal is small enough, the first section will operate linearly. Then, the input
levelmeachsecﬁonwﬂlincmsepersecﬁonpmmdihgthroughmeeasmdeup
to & point where sections start saturating. One section in the cascade will neither
operate linearly nor saturate; this is the active log convertor section that is
responsible for the logarithmic output signal. - Of course, crossover between
25 successive sections will occur as the input level to the cascade increases, and this
" crossover causes a ripple, i.e., an error, in the logarithmic output-vs.-input |
function. =
Thus, the accuracy of the log function is basically determined by the
large-signal d.c. transfer characteristic of the constant-gain amplifier and the
30  sense amplifier, which is entirely determined by the exponential law of the PN
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anplifi ew%‘?{oﬁ%‘ constant-gain anplifier (viz., the di ffergﬁ’lspé}olggnponent

of the I nput signal 1). The voltage VS2, i.e., the output *
signal fromthe reference vol tage source R, is given by the foll ow ng
expr essi on: [err] 5 where V[err] is the
comon- node i nput voltage at B presented to the reference vol t age
source R and V[err] is a tenperature-degpgndent offset caused by the
reference vol tage source R Wthin a predictabl e operating

( f
oaar oo DRolT o Gpslel i, USAeFB sections, B cBBE frSfii i P10

VS1 is appr oxiperting rangevisiinfitedtth abbut! +0,E5rdB forrseetionischaving 12 dB gam
Lerr] The sense amplifier S has a beneficial effect on this error. To obtain the same

basic accuracy from many prior log convertors that use straight-line

S  approximation, such as that described in the Gilbert patent, the gain of each stage
would have to be so low that an impractically large number of stages would be
needed. |

Using well known techniques, the logarithmic output current of

- Applicants’ cascade is converted to an output voltage signal LO by an output ‘
10  section 40 illustrated in Fig. 6. The output section 40 performs two functions: |
it combines or otherwise: interfaees. with the output currents from the collectors of
the sense amplifiers to prodﬁce the current I,.; and it converts the current L, to
a voltage. ' Although particular examples of tlie output section are described
below, it will be understood that the designs can be adapted according to the
15  circuitry that follows the output section. o _

The sense amplifier collectors might be connected to a current mirror that
eliminates the common-mode component in the logarithmic output current,
thereby producing a differential current as measured between the output of the
current mirror and circuit ground. This differential current might then be

20 converted by the output séction to a desired output quantity, e.g., a lowpass-

- filtered voltage, by a resistor and a filter. Filtering is often used to eliminate
high-frequency components due to leakage of the radio carrier into the input
signal to the logarithmic convertor. |

Itw:llbeapprematedthatusmgacurrmtmurorandamstorfor

25  converting the logarithmic output current to a voltage as described above has
drawbacks. Using a current mirror connected to the outputs (the collectors) of
the sense amplifiers for summing the collector currents has the advantage of
subtracting the currents as necessary so that the minimum of the sum is zero.
On the other hand, current mirrors are usually temperature dependent. Using a



where k has a value of about 2.7. It will be appreciated that the factor k
expresses t@@ghppet of the cosh function in the argument of pi-bREbGHESF t hM
in the exact expression for the voltage VSl given above.

Accordingly, the differential signal VS1 - VS2, at |least within the 15
operating range of the |l og convertor section, is given by the follow ng

appr oxi mat e expressi on: _ [err] because
corresponding ternms in the approxi mate expressions for VS1 and VS2
cancel . From the precedi ng expr-gpsion, it can be seen that the

differential input 20 voltage V[err] to the log convertor section is

scal ed by an of fregstor fortcafivering Cufrént torvbitage requirbesd ithe Pésistdruwith @on i s
proportional to the thermal voltage V[err]. This D 96/ 10796
PCT/ SE95/ 01097 current source and loading the resistor with a very high impedance. . 1o
As another alternative, the output section 40 can produce the current I,
simply by taking the currents at one of the collectors of each sense amplifier.

5 (The other collectors would then be connected to V,,,,.) It would then be
necessary to compensate (subtract) the offset due to taking only half the signal
without introducing a temperature dependency. Sﬁch an arrangement is currently

‘preferred. A suitable output section 40 that avoids a current mirror and includes
a network for current-to-voltage conversion is depicted in Fig. 7. The output

10 section includes a d.c. current source I, for canceling the d.c. offset
component of I, due to taking the currents from only half of the sense amplifier
collectors. It will be understood that a comparable d.c. current source is
included in the output section model described below in connection with Fig. 10,
and thus introduction of a temperature is avoided. '

15 Fig. 7 illustrates a suitable output section 40, although it will be
appreciated that other circuit designs are suitable if they are based on at least the
following considerations. - First, the '-temperamre dependency of the output
section 40 should be made as small as reasonably possible. Second, the
temperature dependency of the output section’s transfer characteristic from input

20  current signal I, to output voltage signal LO must match the temperature

~dependency of the transfer characteristic of the model of the output section that is
described below in connection with model feedback. The better the match is, the
smalier the remaining temperature dependency is, due to the model feedback.
The closeness of the matching depends on the semiconductor fabrication

25  processes used in making the convertor, but it also depends on the number of
temperature coefficients that must match, i.e., the number of relevant circuit
components. In converting the current I, to a voltage, at least one resistor is
needed, and that resistor (indicated by R3 in Fig. 7 will generally have a
process-dependent temperature coefficient. Also, as described below, the model



proportionality I's corrected by the sense anplifier S, and the sense

anpl i fi ery ‘? 9%/10 tail current source I[err] is arrangedﬂ(ﬁ.’s&g#ﬁgppendent
of tenpera uremil'he | og - convertor section's output signal 1S

obt ai ned by elimnating the commn-node conponent in the currents

fromthe collectors of Ql[err], @Q[err] in the sense 5 anplifier. Thus,

the logarithmc information is contained in the differential-:

. conponent of
differenti al

the collector currents of the sense anplifier. The

output current I[err}18f the sense anplifier is given

by the foll ow ng expression: [err]

where I[err]
in the sense

biasding téchnique wiesds i lopp afplifier havindra shﬁﬁcﬁ remeafl offsetidfiet | [err]
anpllfler V[err] I's the differenti i nput voltage to

t he Iogarlthrr% thtgmperatuse. 1 section, viz., the dlfferential conponent of

t he i nput signal -

wi Il be seen
t her mal

consi dering t“@o“és%“c""ﬁi‘d"%*&e%hhﬁu% age to the | ét vEDH Wnfdn ! S

i ndependent of . tenpeat ut e |
dependency of thetiogarithmic Xn-agmﬁlandaheicomertbys output valtapecsignal MD isrshown\ans or

1 i 1| bo noBEEARY-En Fap el ages Betveen Aol 90 micRols @néeﬁmﬁvﬁffii;’%

Verr] is PTAJo0Vailivbits, the I0RScoivERSt’s Stplevolae 1165 S5tuPiely 1BASAY bdtREen
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about 0.6 volt and about 2.1 volts for all three temperatures. _

The insensitivity with respect to temperature of Applicants’ log convertor
has three main causes: the tail currents of the constant-gain amplifiers G are
accurately PTAT so that the gains are independent of temperature; the tail |
currents of the sense amplifiers S are independent of temperature; and the output
section converts the differential logarithmic output current I, produced by the

~sense amplifiers to the output voltage signal LO in a temperature-independent

20

fashion. Any deviation from these requirements introduces temperature errors.
In accordance with Applicants’ invention, deviations from the three

'requirements are compensated through a model biassing technique in which the

necessary bias condition is reproduced in a model of the circuit part actually used
for logarithmic conversion. The circuit part model is embedded in a feedback
loop that forces the required operating condition on the circuit part model, and
the bias conditions in the model are copied into the actual circuit part. This
technique as applied to the-constant-gain amplifiers, the sense amplifiers, and the
output section is described in more detail below. |

Model Biassing in the Constant-Gain Amplifiers .

The model biassing technique is applied to create an exact model of the
constant-gain amplifier G, including load and source impedances, that processes
the input signal I. This model amplifier is embedded in a feedback loop that

I d t . It
t hat P@oﬁ#@u?‘?enﬁmrfel eﬁbl's no?%‘?‘gpor‘%’?o'ﬁg"?g t he
. mm@lgaﬂﬂum]unsfwﬁmmmbebhﬂmﬁg)e&mahemﬁasat ion in
t he sense _amplifi,er the differepti oltage Verr] is
still scaPed b‘l" @ﬁ?‘i’%%"ﬁ?@reml m@% E@}L{% Bg@ﬁféﬂ

»nat ed by

e tenper ature

¥



convertor section, such as a preceding section in a cascade. For this case,

t he | W 960766 t Or section is a conbination of the conspapbediih
agplifier G the ref erence voltage source R, and the sense anplifier
S as shown in Fig. 4. In the second case when the
differential input signal V[err] comes froman 25 independent signal

source, the divisor 2V[err] no |onger cancels the input signal's

t enperat ure dependency, and the unwanted tenperature dependency in the
out put WO 96/ 10796 -19- _

PCT/ SE95/ 01097 -13-

current |[err] roroes aPTADveltage/antieinbdelsolisctorredisnes RO1G RCZ whish
cancel ed by conbi ning the | og convertor section's out wt current
I[err] with an desultstn @gainthat is constant with respect o empemipre, g to Fig. 9,

reL e e COTRBSRR iR bl of e otpaldiln il Somprsg'd 9 ° - ©
anplifier GT, a différential pair/100: afphipelar transisirs Qh0Q2; & eombinedcbllédter resistorj ust
Sources R arli RRCTA Haviagia esftance xpe Byt i @ ate o feriesiones vanes o388 gai
T, ol PR, T i SRS 1 AU " o
signal to the digehemtortnetworkaompgisingGhothef cesistori RC2/2 and current generators
Itamss Trano; and an additional loop amplifier 110, which may be an operational
amplifier.
10 One important characteristic of the loop amplifier 110 is its offset drift
with temperature. The loop amplifier should have an offset voltage drift that is
preferably PTAT because this offset is in series with the input voltage, which is
PTAT. Any deviation in the temperature coefficient of the offset drift from
PTAT causes a temperature coefficient in the gain of the constant-gain amplifier.
15 It will also be understood that the amplifier should have appropriate gain and
stability, as usual. | ' '
The input signal to the loop amplifier 110 is presented at the two
terminals VC, Connected to the negative input terminal is the voltage to be
“controlled, i.e., the common-mode voltage at the two collectors of the model’s
20 differential pair 100. Connected to the positive input terminal of the loop
- amplifier is a PTAT voltage source Vr,r that provides a reference voltage
having a magnitude proportional to the thermal voltage V;. As seen in Fig. 9,
the voltage source Vyr,y is connected between the supply voltage rail and the

loop amplifier’s positive input terminal. : .
25 The output signal VLC generated by the loop amplifier 110 controls the

tail current sources Iyin, Itanz Of the model amplifier. As the loop amplifier
110 nulls its differential input signal, the model amplifier’s tail current takes on
the required temperature dependency, and the gain of the model amplifier
‘becomes independent of temperature. It will be appreciated that the temperature
30  dependencies of the resistors in the model amplifier are also eliminated by the



a reference voltage within the operating range of a | og convertor section
and is %om mately 2V[err] at room tenperature. A%&fsi%lb bel ow,
t he vo|t§§%’@?"§ may be generated by any of several 'types o

preci sion voltage source, and its magni tude is selected such that the ’
d.c. operating conditions of the constant-gain 15 anplifier GI match the
d.c. operating conditions of the constant-gain anplifier G to which .

the external input signal is connected. Al so, the output of the
differential pair in the sense anplifier-208# has a sense opposite to the
out put of the differential pair in the sense anplifier S as indicated

by the pol ari iodef biassing loop. mtmoddnniphﬁgﬂsmncmﬂs&;ﬂed fnto burrédti s way,
the input voltage V err] produces an.20, ut current err] t hat
depends on t-eRPEPest | SORSLARY ’Gﬂi‘tiﬂ‘ ﬁ%f) Shaseddp th e 08 canyeiofed t o

cancel thete rr nil[ferr] when I[err S
froﬁ[err&q&ﬁi‘gﬁe&{mﬁﬂe@ I | ] : L

subtract ed The | og convertor section shown
in Fig. 4 and the Howill beappreciatéd ﬂheabasembvxdtagempnivu’hdmrﬂié:n@del 4 and 5

produce differe output currents a. are 2 accur at

t enper at uPe- | ?ﬁﬂﬁ@i&@@ GP’GM 'F‘G tcﬂ? @%Galﬂlﬂqref@npitﬁF i nput

vol t ages presgahd vafhel D f‘e@ﬁ Biros ?Binﬁ he
ﬁllns% | ecris de??gggg% g&dtlpy ?‘er ent | aﬁlaré

gains of the sense a nput
si gnal i ncr eatheseforeureliablyteliminated, untike prion evicaszinguhich systematicperearsdi ng

expression), and this be l O oves the accuracy of the
| ogarithmc fm#éﬁ$%?F‘%’B?'§$:f%fM§‘%e constant-gain anplifiers. A 30 | og
convertor section, as shown in Fig. 4, is a conbination of a constant-gai n‘

WO 96/ 10796
PCT/ SE95/ 0109Model Biassing in the Sense Amplifiers and Output Section

10 ‘The model biassing technique is also applied to a scaled model of the
sense amplifiers S and the output section 40. Referring to Fig. 10, the
differential input signal to the input VINMAX of a model sense amplifier
corresponds to the maximum signal value obtainable from the constant-gain

amplifiers. The common-mode input signal level VCOMM presented to the -
15  scaled model sense amplifier is equal to the level observed in the actual circuit.
The negative input terminal of the loop amphﬁer 120 is connected to the
output voltage LO of a model output section, indicated in Fig. 10 by a source
and resistance ROUT, and thereby to the output current of a differential pair of
bipolar transistors Q1'’, Q2. The differential pair act as a model of the sense
20 amplifier S. Under the aforementioned operating conditions, the signal level at
the output of the model (the collectors of the differential pair) is at its maximum
value, corresponding to a point on the logarithmic output curve of the log
convertor. The voltage level at that point is forced to be equal to a reference
voltage Vg, which is connected to the positive input terminal of the feedback
25 ‘loop amplifier 120 and which is independent of temperature. |
The output signal VLS generated by the loop amplifier controls the tail
current generated by the source Iy,ys in the model sense amplifier, and as a |
result this tail current takes on the proper temperature dependency. Also, the
maximum output voltage of the logarithmic convertor output section becomes



-14- anplifier G(Fig. 1), a reference voltage source R (Fig. 2A or
Fig. 2B), axeb 91079 sense anplifier S (Fig. 3). P mm%ﬂﬁynq
logarithm c relationship obtained by a section such as that if?hs rated

in Fig. 4 is only valid over a limted range of input- voltages. Thus, as
described 5 above, several |og convertor sections are cascaded to extend

t he -operating range. As illustrated in Fig. 6, the cascade is
constructed by connecting the linear output C (the collectors) of
the constant-gain anplifier Gof a first | ogleonvertor section 10 to

the differential inputs (the bases) of the constant-gain anplifier Jerr]

of a succeedi ng indépendentofitemperature,cdhdAfius tinmperatirecerrors dae twunwaidted he sense
10 anplifiers Serr] in the log convertor_ sections 10, 20.in the, cascade

are connect ed te'mpet%g@tmvi%? theenseamplifier apd dhe,Rutput seetipn arp elimingted
| ogari thmc out pyt H&&ﬁt?ﬁm output 1&Vel bf fheC Yfiode. %eolﬁéiméj bendvide 2!
I'vidual sense anplifrers 1'n eacn logarithmc

current of the in
section. It w llintthe aptoalecircuite the mateltstajl cursent isgopied intocthe carrent souecEsi ons

re illust din Fig. 6, alth h,.] i ncj pl 15

eoti ons coudd Dlsmc e asivel sss HOPLASE Jyghe log converior Using weif fngwe
terrperature-corrpémﬂ' ' gﬁéspn 30 .i s.needed to conpensate for the
t hermal voltage | n?ﬁgﬁg ecedi ng approxi mate expression for V[err], no
matter how many | og cOne émpartant eesultcof<thisrmodel biassiog technifne is/fhat thenoutput

i nst ead e cancel ed hy nmking the input voltage V[ errl], a PTAT
‘vol tage, as not glﬁvétfg\}segqﬁnéﬁmc cggg‘?'im'dﬁ urafe apd M@Anot her

way to cancel thpenpeitute 8@icitidnzidofaeditdes are elimifatédPBy tHel MBHQ Hiaksingoop.
generated froma voltage V[err] as described above. This l ogarithmc

current canl@e gblses thedaop effectiviely ingreasest thejoperating tegapersgturer fange: of the: cirtuit

gip?ezlsingln? terrpa rﬁ%elﬁrfcbﬁ%??gfu?}érﬁgtfem ion that is given by the follow ng

Gain Accuracy Improvement with Darlington Differential Pairs
The gain of a constant-gain amplifier G such as that illustrated in Fig. 1
- may include an error due to the load impedance formed by the next section in a
15  cascade of sections such as that illustrated in Fig. 6. As seen in Fig. 6, the load
jmpedance presented by the section 20 is effectively connected in parallel with
the collector resistors of the constant-gain amplifier G in the section 10.
The effect of the load impedance on the gain can be decreased by using a
- differential Darlington pair Q3, Q4 and QS, Q6 instead of an ordinary
20 differential pair in the constant-gain amplifier G as illustrated in Fig. 11. If
Darlington pairs are used in the constant-gain amplifier, a differential Darlington
pair should also be used in the same way instead of the ordinary differential pair
in the reference voltage source R. - - |
It will be understood that Darlington pairs are used to reduce a.c. loading,
25 and since the highest impedance is found at the collector resistors RC1, RC2 of -
the constant-gain amplifiers, using them there is appropriate. Darlington pairs
could be used in the sense amplifiers, too, but the a.c. loading by the sense
amplifiers can be reduced sufficiently simply by setting the magnitude of the tail
current source I to a value much smaller than the value of the constant-gain



[err] 25 Subtraction of V[err] fromV[err] shows that the Verr] term
cancel s. woYshejese expressions for these voltages are onl
PEFRFIOI7: e

approxi mations, a smal | tenperature dependency wi | |-
exact expression for I[err]. WO 96/ 10796
PCT/ SE96/ 01097 -15-

Al of these sections are preferably integrated on a single sem conductor
chip, although at least in principle the sections could be constructed from
di screte conponents. Integration, _course, permts close matching

of the conponents of the sections of the convertor. Mreover, it wiil-
be under st ood il\cirdeRt! So cur r{dosn ' b Ratdll
appl i cation, _gﬁgﬁﬁﬁbﬁlerr] g? I %W'] 'l;;lrﬁglimﬂné -cotgééeﬁfgn yh%}ganent ed
by transi st or offset thatwould be introducedoby the Dardingtonepairs. - vol t age sources

pr ovi ded by pr oci sRAOL R BBeBE o Bealiits fesfon, & & lominggf AECAR spi

convertor, buind thus Darkitiptor? pairsfre Wk nedded Foi Siab pinPoSs Nevesthdled s
i ntegrated precision voltage sources
5  important to note with respect to the d.c. behavior that the temperature-
compensating section is there to compensate for the temperature coefficient of the
first log convertor section. Therefore, if Darlington pairs are used in the first

log convertor section, such pairs must be used in ‘corresponding places in the

temperature-compensating section because the structures of the temperature- {
10  compensating section and the first log convertor section must match. Similar
reasoning explains the use of Darlington pairs in the reference voltage source R,
as noted above. o '
Referring to Fig. 11, the amplifier’s logarithmic output voltage and the
 linear differential output voltage are found at terminals L and C, respectively,
15  and these terminals correspond to the L and C terminals of the unmodified
constant-gain amplifier (Fig. 1). Also, it can be seen that the single tail-current
source Ipr,r Of the unmodified amplifier G is simply replaced by three PTAT
current sources that are connected and supply currents having the magnitudes as
shown in Fig. 11. It will be noted that the total current supplied by the three
20  PTAT tail-current sources is just the current supplied by the single PTAT tail-
current source in the unmodified amplifier.

Input Range Improvement
The maximum differential input voltage level of a log convertor in
“accordance with Applicants’ invention is limited by the thermal voltage V,, and
25  the minimum input level is limited by offset vdltages in the circuit. As described
in more detail below, the first limitation can be eliminated by using one or more
attenuating log convertor secﬁons,.' and the second limitation can be eliminated by
- using a d.c. feedback loop. -

Ty TR ARt e ] e . _



10 can be used to integrate the voltage sources and | og convertor.

The accur acyoeéném®e | ogarithm c function achi eved by Appli capdfisgesniosr
convertor depends on the small-signal gain of each | og convertor section in
a manner that is fundanentally different fromthe dependency of
previ ous devices such as that described in the Gl bert patent. In-:
Applicants' convertor, an optiml 15 val ue of the gain is currently

bel i eved to be about 12 dB per section. In a cascade of sections,
the-operating range of the | og convertor ispgxpanded by about 12 dB
for every added section. At the [imts of the operating range, the

| og convertor error r Eﬂéﬁﬁ' "a'h'-% ertdtUsectibd cotnRbRl | one
can di stingui s‘ﬁp ree s of operati oﬁ’bglodﬁ&gach sectalg(?r‘}é?gg?he
cascade. If the aasqaded mtmnslmemllyshesﬁm mugﬁa complete Jogarithstici on wi | |

operate linearly. Th t‘l‘e I ev %!o‘ each s‘e;‘ctl

i ncrease per s e PMYTHI: o %‘#‘Hﬁ‘ﬁ%%ﬁﬂ?f‘{ M oi nt
where sections qpgdrithéis sonveitdsecHs MMWe,tﬁl@luﬁﬁ%C@dmmngelther
operate linearly nor saturate; this is the active |og convertor section

that is 5  rasplifieri dreferenee voltage sguice;: and & sense pmplifiegrhut thepttenvating:

The: cascade i nonbh seion 1 Sf fkikndt it Sty SfitGeCind F psfllor. 2V 1 ©

error, in the | qggr 12 iWarcelettrieall sciématic\@igram of one éxantplé ofithe differential
Thus, the accuracy_of the log function is basically determ ned by the

| ar ge- si gnal d. duffer amplifier anchattenuator.sti ¢ of the constant-gain anplifier

and the S0 sense anpld filencil el bithiridls v ThdlitaPbipbilF

exponential |aw of the )
PCT/ SE95/ 010®7 " transistors Q7, Q8 connected as emitter followers, each biassed by a respective

PTAT tail-current source Ipp,p,’’'/2 as shown. The magnitudes of the PTAT
currents supplied by these sources are just one-half of the tail currents supplied

in the constant-gain amplifier. The PTAT currents eliminate the temperature
dependency of the buffer amplifier’s transfer function. The input terminals B of
15  the buffer amplifier are the base terminals of the emitter followers, and they are
| connected to the differential input signal presented to the logarithmic convertor.
~ The output terminals BO1, BO2 of the buffer amplifier are the emitter terminals
~ of the emitter followers.
‘Between the output terminals BO1, BO2, there is connected a resistive
20-  attenuator that comprises a five-terminal network of four resistors RE1, RE2,
' RE3, RE4 connected in series. The resistor network is symmetrical with respect
to its middle terminal. The outermost two terminals are respectively connected
to the buffer amplifier output terminals BO1, BO2. The middle terminal M
| carries the common-mode input voltage, and it serves in the reference voltage
25 source as described below. The remaining two terminals I1, 12 are connected to
| the input terminals of a constant-gain amplifier G as described above, and these
terminals present the attenuated input signal to the loganthnnc convertor.
~ Similar to the above _descnpnon for an ordinary log convertor section, the
| oufput voltage L at the common emitter output terminals of the constant-gain
30  amplifier G includes a common-mode part and a logarithmic part. The common-



-16- junction. In a cascade of |og convertor sections, the conposite

error Wi o Sgishes - operating range is limted to aboua,cq,sigyﬁﬁ?.{ or
ene |

sections having 12 dB gain. - The sense anplifier S has a ci al
effect on this error. To obtain the sane basi ¢ accuracy from many
prior log convertors that use straight-line 5 approxi mati on, such as
that described in the Glbert patent, the gain of each stage woul d
have to be so low that an inpractically |arge nunber of stages woul d be
needed. Usi ng well known t@ghni ques, the |ogarithm c output
current of Appl i cants' cascade i-s converted to an output voltage

signal LO by modepamis eliminated byt conipefiShtion| with mmuﬁdni@m&wkgut put
section 40 performs two functions: it conbines or otherw se
i nt erfaces wi Whichireprodues thecommpn-madepart: hAs dp the-endinaty lag convertor he sense

anplifiers togpk : LI ant [ ' 4 . Calr r ent
I[err] to ygﬁ%%ﬁ ﬁ%uﬁﬁ&%dktﬁoéﬁggﬁé&é%%pq}‘?éﬁg# ﬁﬁ‘é‘ g‘ﬁt put
section are ceonstangain amplifieh eImeontrast ti the drdinarydeonvenorg however, iee tasi gns
can be adapted accordi to the 15 circuitry that follo t he_ out put
secti on. § nput maﬂ%féﬁ%ggg@“%ﬂlmFéP“%I%m% Budle nnect ed to
a current m rgpghinbp attefigtor e BworR " Whiare The 1N the

B4 of the g y produci ng a%gl H-ef@ﬁ?#g*pﬁt

| ogarithm c output _current, t hereb current
as neasured boltageis piesendut put of the - current mrror and circuit

ground. This differential current pight then be. 20 converted by the
out put section to saﬁ%’f‘. I, CANDEEUaR, iﬂFy?rdg‘a&, y refgrence, xoltage so ’E‘e

filtered vol icuifmofiafe iffh Sbltigealtinéeriniab M shiblii Sonedh half lifpaused (o
el imnate hi gh-frequency conponents due to I'eakage of the radio
carrier it o signal valyaiif the attenuating section is idsiven dyrant unbalancedrinputt signal. A
sense amplifier S measures the difference between the common emitter voltages
of the reference voltage source R and the constant-gain amplifier G, and the
 sense amplifier S produces a differential output collector current as described
above in connection with the ordinary logarithmic convertor section.

15 The attenuating section’s attenuation factor, Which,is_the ratio of the
differential voltage passed to the constant-gain amp_liﬁer G and the volfage at the
input terminals of the buffer amplifier, is determined by the resistor network.

To ensure proper takeover between the non-attenuating log sections described
above and the attenuating section, the attenuation ratio must be the inverse of the

20  constant gain realized in the constant-gain amplifier. If another attenuating
section is added, its attenuation factor must be the inverse of the square of the
gain, and 5o on.. o . |

An advantage of the attenuating section as compared to a direct attenuator
such as used in the Analog Devices’ AD640 is the better dynamic range of the
25 logarithmic convertor. The maximum input signals of Applicants’ convertor and
the AD640 are equally large, but the signal to noise ratio at the circuit input is
better when using an attenuating section as described by Applit'_anis.
In accordance with another aspéct of Applicants’ invention, the limitation
due to offset voltages of the low end of the log convertor’s input voltage range
30  can be eliminated by removing the d.c. offset voltages with a lowpass filter



It will be appreciated that using a current mrror and a resistor for 25
convertlng E%rlthnic output current to a voltage as de | ve
has ac Using a current mrror connected to the outputs (the
col | ector s) of the sense anplifiers for summng the collector
currents has the advant age of subtracting the currents as necessary
so that the m ninmumof the sumis zero. On the other hand, current
mrrors are usually tenperature dependent. Using a WO 96/ 10796

PCT/ SE95/ 01097 -25- _ -17-
resistor for converting current to voltage requires sourcing the resistor
with a curdigpiseds inua feedback Joop domgrising theeedsedderof fogdrithmie convertgh

i npedance. %POt her alternative, the output section 40 can
~produce the cur rmoqs[agpﬁﬁ sinmply by taking the currents at one of

hen"be. connect on + o RRBRAR0 Y biskirat schemayd Hagra B F1E O, 9 Rop i
\(/:\nogﬁgﬂfaf ﬁt E sgltjtcaf cambination off passive ngmmﬁ}s ;MI,IFrJt,IM andynal
currently 5 Cﬁp&@’ @a%}&ﬁﬁ?’?&w@e‘s{r Fé%ﬁ%ﬁ%ﬁ“%rﬁs%&?’a

current mrror aiifipdtiErntifl§ COUT of dhedsédie of 16garithimic>Stctibis. V QAS étflained in

conversion is depicted in Fig. 7. The output 1 section includes a d.
current source |qopnedtionovith: Higes &, itheyterminals COUT aredhe two collector terminals Of

- the constant-gain amplifier of the last log convertor section in the cascade.) The
loop filter also has two output terminals FO that are connected to the differential
10  input of the cascade, i.e., to the base terminals of the differential pair in the
constant-gain amplifier G in the first log convertor section in the cascade.
With the loop filter connected in this way, a feedback loop is formed that
seeks to null the differential d.c. input voltage, thereby eliminating the operating

-
joud
jond

range limitation due to d.c. offset voltages in the logarithmic convertor sections.
15 : It is, of course, possible to embody the invention in specific forms other
than those described above without'deparfing from the spirit of the invention.
The embodiments described above are merely illustrative and should not be
considered restrictive in any way. The scope of the invention is determined by
the following claims, rather than the preceding description, and all variations and
20  equivalents which fall within the scope of the claims are intended to be embraced



conponent of I[err] due to taking the currents fromonly half of the sense -
anpl ifiegvo%nmcol |l ectors. It wll be understood that a EFBE‘; d.c
escrib

current source 1s i ncluded in the output section nodé

bel ow i n connection with Fig. 10, and thus introduction of a
tenperature i s avoided. 15 ~ Fig. 7 illustrates a suitabl e output
section 40, although it wll be ' appreci ated that other circuit
designs are suitable if they are based on at least the fol |l ow ng

considerations. First, the tenperature d@fendency of the. output
‘section 40 shoul d be made as small as reasonably possible. Second, the o
t enper at ur e - (VEEATASOULAIMED 1811t put section's transfer characteristic from

i nput 20 current, sign 0 t voltage si 0] szt. ch t he
t enper at ur e eperéé?ﬁ%'wct F&%tﬁg* WH&a E{‘flt deI of
the output S% r tﬁ%ﬂta%xssubstanﬂﬂ?fﬂ&@ﬂﬂﬁﬁbﬂ’\taﬁxem&tﬁ&l% model

f eedback. The e match I's smal ler the renal nin
t enper at ur e csignah provided; to, mdmmmrnpndag f eedback.. * The cl oseness

of the matchi ng depends o the se nduct or . { |on 25 Rrocesses
used in ki ng thef %ﬁ‘%?gg’d‘gﬁ?ﬁ%s“gﬁ 08, SOVEHIBE
t enperat ure Coniprises: ents that rrust ma.tch i.e., the nunber of relevant

circuit conmponents. |n converting the current I[err] to a voltage, at
| east one resistor is means fopdifferentighy amplifying.an sleetrical sgtiemdrpitby R3 in

El)gt f i7c}Me|n!t : gilngz)agl%%l’descr | beﬁ agtg}t&tﬁfﬁﬁnﬂﬁ%?m%@%?%m
PCT/ SE95/ 01097 constant with a temperature of the logarithmic convertor and generates a
10 linear output signal having a value that is substantially linearly related to
 the value of the electrical section input signal and a log output signal
having a value that is substantially a logarithm of the value of the
electrical section input signal;
means for generating a first reference voltage that is substanually
15 equal to a common-mode component of the electrical section input signal,
wherein the reference voltage gen&aﬁng ‘means comprises a differential
- amplifier having a gain that is substantiall)" constant with the temperature -
of the logarithmic convertor; and
means for generating a section output signal having a value that is
20 accurately logarithmically related. to the value of the electrical section
input signal for a predetermined operating range, wherein the section
output signal is based on the log output signal and on the first reference
voltage and compensates a temperature dependency of the log output
signal; and
25  the electrical input signal provided to the convertor is the electrical section input
signal for a first log convertor section in the cascade; the linear output signal of
the amplifying means in one log convertor section is the electrical section input
signal amplified by the amplifying means in an immediately succeeding log
convertor section in the cascade; o .
30 means for generating a 'temperature-c_ompensating signal, comprising:

A




- 18- bi assi ng techni que needs a |oop anplifier having a sufficiently
smal | of f setw@ldshbros W th tenperature. Usi nﬂcﬁ?ﬂﬁn‘i@?t S’

i nvention, a log convertor having a very stable and accurate

| ogarithm c transfer function-can be built. Fig. 8 shows the transfer 5
function of such a |log convertor on a semlog scale.for three tenperatures,
-30C, 27[err]C, and 85[err]C. The input voltage to the |log convertor is

shown on the logarithmc X-axis, and the convertor's output voltage
signal- LOis shown on the linear Y-ax2% For input voltages between
about 100 m crovolts and about 100 mllivolts, the'log convertor's

out put vol tage LO accur at el fyrst megrscfob generatingléh electhicait signab having acvaluethatiis
2.1 volts for all three, tenperagtures. ., The insgnsitjvity with
respect to tenperatur éusm%%timﬁbmé?ﬁo‘fﬂ“ of an {VRHREE: nai n
causes: the tail currents Qfednd gm 'agﬁc'gn I :
accurately PTAT so that the gai 2.glc re mgepen eﬁﬁfg@g{&ge a%@é‘? the tail
currents of the sense ssbythntiallyreguél taraccommiopanxie compbnentofdhe electricabinput he
out put 15 ii’ction converts ' ential l.ogarithm c output current

{ differ I
|[err] produckd by the¥gnal pro stg‘é‘?rﬁ?'fw;smf‘o the output vol tage signal
LO i n a tenper at ur e- | ndepengagid means fof Balediing AeledtBUiI gl hEViRER RS
rs. r

requirements introduces tenperature err I n accordance
wi th Applicants' i nverthatds proportienal totheftempematuze ofi theclogarithmic convertombased

necessary bi as. cond {1 ERETiAL ST BRI s el mRehscahe Al 1€ Jepand
necessary bias conditi C

actual |l y used f referét@@ Volthgd; @angonversion. The circuit part nodel is
enbedded in a feedback | oop that forces the required operating

condi tion onl@he circuautpysaneans-iercgenerating a tempemtuse-gompensaied electrical isignahe

appl i ed ot ne cduikd Ml Relfur gthpRLY rehRl o e vyt B MIGHRART
output section. i Snptsignabprovided orthe ceivertor based\sn the section output signals and the
temperature-compensating signal.

2. The logarithmic convertor of claim 1, wherein each of the
15  amplifying means, the means for generating the first reference voltage, and the
means for generating the section output signals have transfer characteristics that
are based on an exponential relationship of a PN .junction. |
3. The logarithmic convertor of claim 1, wherein the amplifying
means, the means for generating the first and second reference voltages, and the
20  first means each include first means for generating a current having a magnitude
that depends on the temperature of the logarithmic convertor; and the means for
- generating the section output signals and the second means each include second
means for generating a current having a magnitude that is independent of the

temperature of the convertor. -
25 4. - The logarithmic convertor of claim 3, wherein each first current

generating means includes a model of the respective amplifying means, each -
model being embedded in a feedback loop for controlling the gain of the
amplifying means to be substantiaily constant with a temperature of the
~ logarithmic convertor; and each second current generating means includes a
30 model of the respective means for génerating the section output signal, each

—
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Model Bi assi ng in the Constant-Gain Anplifiers The nodel
bi assi ngwadHdrseie. i s applied to create an exact nodel of
constant-galn anplifier G including |oad and source i npegances 'Pﬁ’at

processes the input signal I. This nodel anplifier is enbedded in a
f eedback | oop that WO 96/ 10796 -
PCT/ SE95/ 01097 -19-

forces a PTAT voltage on the nodel's collector resistors RClL, RC2, which
results in a gain that is constant with pgspect to tenperature. Referring

to Fig. 9, _ t he Ioop incI udes the nodel of the constant gai n

anplifier, fgﬂbf gl.,ﬁg,\gc& p&f3si stors
QL, @; a co |ne3 %I ect or re5|stor %5 ng a re5|stance val ue
that is one- tfokgenﬂradﬂgetheesec t\sigmabs of the .. collector resistors

RC1, RC2 th lif di.ff t t, t
net wor k cegprl gl'ggspalnot IGB%@P I Fg&gg?éatﬁ@‘a'é[h%%éh%&% og” '
el | [ erT IoonGéoriboficlf hirthief 8ombRAR ridhis ' ffentatihg WWIEATIER scbfiort

oper at i onal anplifier. One | rrportant characteristic of
t he Ioop itrrplmputagml.o isits offset drift

6.  The logarithmic convertor of claim 1, ‘wherein the output means
‘combines the section output signals and the temperature-compensating slgnal and
converts the combined signal to an 6utput voltage.
7. A logarithmic convertor for generating an electrical output signal |
~ 10°  having a value that is substantially a logarithm of a value of an electrical input
signal provided to the convertor comprising:
a cascade of log convertor sections, wherein-each log convertor section
comprises: e '
a constant-gain differential amplifier comprising two input
15 * terminals for receiving an electrical section input signal, the input
terminals being the base terminals of two bipolar transistors; means for
generating a first current for biassing the bipolar transistors, the first
* current having a magnitude that is proportional to a temperature of the
_ logaﬁthnlic convertor; a pair of linear output terminals for transmitting an
20 ~ electrical signal having a value that is substantially linearly related to the
 value of the electrical section input signal; and a log output terminal for
. transmitting an electrical signal having a value that is substantially a
- logarithm of the value of the electrical section input signal;
means for generating a reference voltage that is substantially equal
25 to a common-mode component of the electrical section input signal,
| wherein the reference voltage source comprises a differential amplifier;
‘means for generating a second current for biassing the differential
amplifier, the second current having a magnitude that is proportional to
~ the temperature of the logarithmic convertor; and an output terminal for
30 transmitting the reference voltage; and |
e

(-



W th tenperature. The |oop anplifier should have an of f set vdltage drift
that is wo s ably PTAT because this offset is in seri ¢gragbofodf

i pput vol tage, which is PTAT. Any deviation in the tenperature
coefficient of the offset drift from PTAT causes a tenperature
coefficient in the gain of the constant-gain anplifier. 15 It will also
be understood that the anplifier should have appropriate gain and
stability, as usual. The input signal to the |loop anplifier
110 is presented at the two term nal Q9VC. . Connected to the negative
input termnal is the voltage to be controlled, i.e., the

common- node. vol t age at theammphﬁef Rivingh mwmdﬂjj erenti al
pair 100. Connected to the POSItlve I nput term nal of the | oo

anplifier is a PTAT R tmthedeg putput ferminal of @masmmpénﬁes ol t age
havi ng a magni tude pr @Baf"m}’j See I g.
9, t he vol tage%rc err| s connge{)mﬁigét vveen e suoo'lalybf]/oet age
raitl and the - | refgremepioltag mm thepfidst fed sscond inplb terminals

The out put sjgnal te t | 00 lifier 110 controls th

tail current?d sources%ﬁ%& ﬁ]‘%‘ﬁ%ﬁ‘ws? ﬁﬁmeﬁmsﬁé“@sh@
anplifier 110 H'aPn firbd e’ Ritdeh lﬁﬂdfnp

anplifier's tail curr%Hlll Etea:reon G Ftoer' requrred ﬁonperatsure
dependency, and the gmferende dumentrhavihg armdgmiméethat is substhmzﬂyeenmstadewahdent

of tenperature. It will be a rematedt erature 30
dependenci es of the rZsRest iy e f‘?ﬁ %m’s@%mﬁgt ed by

}o?;-?-/ SEos/ \(/)\?Ogg/ 10796 output tennmals for tmnsmltnng an electrical signal having a value that is
10 - accurately logarithmically related to the value of the electrical section
input signal for a predetermined operating range; and
the electrical input signal provided to the convertor is the electrical section input
sigﬂal for a first log convertor section in the cascade; the linear output terminals
- of the constant-gain differential amplifier in one log convertor section are
15  electrically connected to the input terminals of the constant-gain differential
amplifier in an immediately succeeding log convertor section in the cascade; and
the pairs of output terminals of the sense amplifiers of the log convertor sections
are connected in parallel; ,
a temperature-compensating section having a pair of output terminals
20  connected in parallel to the pairs of output terminals of the sense amphﬁers of
- the log convertor sections, the teinpmmre-compmsaﬁng section further
a constant-gain differential amplifier comprising two input
, terminals for receiving an offset voltage, the input terminals being the
25 base terminals of two bipolar transistors; means for generating a third
current for biassing the bipolar transistors, the third current having a
- magnitude that is proportional to the temperature of the logarithmic
convertor; and a log output terminal for transmitting an electrical signal
having a value that is substantially logarithmically related to the value of
30 the offset voltage;
-
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- 20- nodel biassing | oop. The nodel anplifier's tail current is

copi ed | nt sources I[err] in the actual co - 03]
anplifie?@ggﬁﬁééﬁ in the | og convertor usi ng wel | kﬂ%&ﬁﬁévﬁﬁgfing

. techni ques. -~ It will be appreciated that a base rail voltage
I's provided in the nodel 5 feedback | oop that precisely sets the tai
current of the gain pair 100 to the desired value. Al systematic
errors in the bias point set by the nodel bias are therefore reliably
elimnated, unlike prior devices in whichgystematic errors nmust be
accounted for explicitly. Model Biassing in the Sense Anplifiers

.and Qut put - Section ‘10 : Ghfehin | t i | I
applied to a scal ed m)dgru?)? f?%qusenseegﬁg%wgggﬁﬁdﬁg %uﬂ?lput
section 40. Ref err tog comniongmod®companent of the dlectrivak input kignal iednal to

the input VINVAX of a nodel sease amplifier ~icorresponds to the
maxi mum si gnal val the caoverondnd ¢ rom ¢ he constant-gain . - anplifiers.

The common- node input siLgasd e#@)ﬂfﬂer @Qﬂh& Hﬁc&?aﬁfal ed nodel
sense anplifier is equa?l tot evel o ggﬁﬁg@l&n t eaiact ual clrcuit.

The negat iSve i nput conneatedo the loghautpus dgrmingl [of the:tenpefature-compeosating t 0 t he
output voltage LO of .a niodel output section, indicated jn Fig.. by a
Sour ce ona r Set0n T roBsaticain amatbers AopserdonpiSiping cledhicaly,” of
differential pair gnnected to MeOltpit terniinall 6fi E e fe-corhfdnSiting The

differential pair act as a nodel of the sense 20 anplifier S~ Under the
af orement i oned opesestion's refeneficeivoltage generating mgans.cthe first:and second imput ut put

al e Eorresvonai it Bide He e sttt S oot phonfl i T,
10 means for generating a reference current for biassing the bipolar
transistors, the reference current having a magnitude that is substantially
constant with respect to the temperature of the logarithmic convertor; and
the pair of output terminals, the pair of output terminals being for
transmitting an electrical signal having a value that is proportional to the
15 ~ temperature of the logarithmic convertor; and
output means, electrically connected to the pairs of output terminals of the
log convertor sections and the temperature-compensating section, for generating a
temperature-compensated electrical signal having a value accurately
 logarithmically related to the value of the electrical input signal provided to the
20 conmvertor. | o
8.  The logarithmic convertor of claim 7, wherein the constant-gain
differential amplifier and the differential amplifier in the reference voltage
generating means in each log convertor section and in the temperature-
compensating section each include two pairs of Darlington-connected bipolar
25  transistors. _ . = : '
9, The logarithmic convertor of claim 7, wherein the means for
generating the first current and the means for generating the second current in
each log convertor section include a model of the constant-gain differential
amplifier in the respective log convertor section, and the means for generating

A R



convertor. The vol tage level at that point is forced to be equal to a

reference wooeny@ktage Vierr], which is connected to the pogifg igeput
term nal of the feedback 25 | oop anplifier 120 and which is I ndependent

of tenperature. ~The output signal VLS generated by the |oop
anplifier controls the tail current generated by the source I[err] in
t he nodel sense anplifier, and as a result this tail current takes on
t he proper tenperature dependency. Al so, the maxi num out put vol tage
of the logarithm c convertor output secti ofleecones WO 96/ 10796

PCT/ SE95/ 01097 -21-

i ndependent of tRnthitd3utreit indfhe téhperatufePompensiting settivnScotsrised aumvde lofd
t enperature behavi or of the sense anplifier and the output section are
el i mi nat ed thegonstant-gain differcatial amplifies;in the tempesatyre- . .
obtai n the sane behayjor ’ |4 | Gl LG Ut ' J |
current is copied i n\t(g‘th c&‘r’ga(!gh &%W Mﬁ[u%#?&?ﬁ #ﬁéﬁggﬁﬁa sense
anmplifiers in tbenvettor sevtionrfurtheruconiirises neatsforvattenuating its ielectrical) section

t echni ques. . . © One inportant result of this nodel biassing
techni que i 9 t hifput PFC“%]ut put | evel of the logarithmc convertor is
accurate and tenperatufe-independent. . Tenper at ure dependenci es of
resistors are elimnated by the nodel biassing |oop.
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10 Al so, the loop effectively increases the operatlng t enperature range

of the circuydogngres at gi ven accuracy requirenents. PeA/SEoS6RYY acy
| tproverrent wth Darlington Differential Pairs The gain of a
constant-gain anplifier G such as that illustrated in Fig. 1 may
include an error due to the |oad inpedanggigorned by the next section in a
15 cascade of sections such as that illustrated in Fig. 6. As seen in
Fig. 6, the |oad i npedance presented by the section 20 is effectively
connected in parallel with the collector resistors of the
constant-gain anplifier Gin the section 10. The effect of the
| oad i npedance on the gain can be decrggsed by using a differenti al
Darlington pair 3, 4 and B, b inst]&ﬁl f ﬁn ordi nary 20 diffential
pair in the constant-gain anplifier Gas ¥'lustrated in Fig. 11. If
Darlington pairs are used in the constant-gain anplifier, a differential
Darl i ngton pair should al so be used in the sang way,i nstead of the
ordinary differential pair in the reference voVsH@®¥ource R

It will be understood that rfrngton pairjs are used to reduce a.c.
| oadi ng, 25 and since the phighest inpedance is found at the collector

resistors RCl, RC2 of he constant-gjain anplifiers, using themthere
is appropriate. Darlington phirs coul d be used in the sense
anplifiers, too, but the a.cj |oading by the sense anplifiers can be

reduced sufficiently sinply py setting thel magni tude of the tai
current source I[err] to a vpalué nuch snaller than the val ue of the

constant-gain WO 96/ 10796
PCT/ SE95/ 01097 RC{ RC2
L 4
C
'—Km | Q2
L




-22- anplifier's tail current source I[err]. This has the advantage
of avoi di ng of fset that would be introduced %I{giﬁsr

. 01097
Darli ngton ;yg&?gffw As for the tenperature-conpensati ng
section, a.c. loading is not an issue, 2/13 and thus Darlington pairs are
not needed for that purpose. Nevertheless, it is 5 inportant to note
with respect to the d.c. behavior that the tenpeature- conpensati ng

section is there to conpensate for the tenperature coefficient of the
first log convertor section. Therefore, if Darlington pairs are used in the

first | og convertor section, s Ypei I t be used in
correspondi ng places in the te elg'ur ensating section because
the structures of the tenperature- 10 conpensating section and the first

| og convertor section nmust match. Simlar reasoni\&% exl | ai ns the use
of Darl:ington pairs in the reference voltage source R PPYas not ed
above. BTerring to F1g. 11, the applifier' s logarithmc

out put voltage and tlhe linean differential output voltage are found
at termnals L and € respectively, |15 and thepe termnals correspond to
the L and C term nal{s of the unnodif{i ed cpnstant-gain anplifier
(Fig. 1). Also, it ¢an be seen that Lt he single thil-current source
I[err] of the unnodi]fied anplifier Gis sinply replaced by three PTAT
current sources that] are connected gnd supply cufrents having the
magni t udes as shown in Fig. ot o wil noted that the total
current supplied by |RE8 hree 20 C3ail -cunrl®C4sources is just the
current supplied b he single PTAT {ail - urrent sourceRi n the

unnodi fied anplifi er. /




| nput Range | nprovenent . The maxi numdifferential input voltage

| evel of a Iﬂﬂ, ﬁ rtor in accordance with Applicants' pipugddiciéh |s_
lipited by the thermal voltage Vierr], andsfs t he M ni mum i nput | evel
limted by offset voltages inthe circuit. As described . in nore

detail below, the first limtation can be elimnated by using one or nore
attenuating | og convertor sections, and the seconduji mtation can be

el i m nated by using a d.c. feedback | oop. WO 96/ 10796

PCT/ SE95/ 01097 - 23-

An attenuating | og convertor: section would be connegted as one of the
cascaded sectijons, generally the first section, of conpl ete Iogarithﬁla
convertor. Thé attenuating section is constructed inp a manner simlar

t he | ogarithm c convertor sections described}above, ingluding a
constant-gain}| 5 anplafier, a reffe ape squfce, and—a sense cs,
anplifier, but the attghuating | og sectipn hgs an di tional .

differenti al g. 12 is an l::
el ectrical sc ifferenti afm
frhe d.fferent.aﬁbuffer

buf fer anplifler and attenuator. e ]
anplifier comprises two identical bipolpr
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10 transistors Q7, (B connected as emtter followers, each biassed by a
respecti veW?%,ﬁW,dDTAT tail-current source I[err]/2 as showper/ERes/01097
of t j

nagni t udes e PTAT currents suppliﬁf by these sources are just
one-half of the tail currents supplied 413 1 the constant-gain
anplifier. The PTAT currents elimnate the tenperature dependency of

the buffer anplifier's transfer function. The input termnals B of 15
the buffer anplifier are the base termnals of the emtter followers, and
they are connect ed tc“bae differential input signal presented to the
| ogarithm c convertor. he output termnals BOl, BO2 of the buffer
anplifier are the emtter terjmnals of the emtter followers.

Bet ween the output term nals |BOL, BO2, there is connected a resistive 20
attenuator that conprises a fjive-termnal network of four resistors RE],
RE2, RE3, RE4 conndefed\rn series. The resistdor network is
symmetrical wth respegt to Jts mddle termnal. The outernost two
term nals are respectiyely cOhnecte to the buffer anplifier output
termnals BOL, BO2. The mddle termfnal M . carries the common-node

i nput voltage, and it gerves in the|reference voltage 25 source as

descri bed bel ow. The remaining two ferm nflS jul, 3 are connected to
the input term nals of a constant-gai n anbl ¥f§fer as descri bed above, and

t hese - termnal s{present the attenuated i nput signal to the

| ogarithm c convertor. Simlar to the above description for
an ordinary |og conver] 51secti on, tE 2 out put voltage L at the
common emtter output termnals of the constant-gain 30 anplifier G

i ncl udes a common-nodelpart and a | ¢ggarithm c part. The conmon- WO
96/ 10796

PCT/ SE95/ 01097
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- 24- node part is elimnated by conpensation with the reference

vol tage soufdodrior9é whi ch reproduces the commobn-node pai!#:'rlsé&/&l@svf he
or:di nary | og convertor section descri bed above, the reference '
vol tage source Ris derived fromthe 86Hstant-gain anplifier. In
contrast to the ordinary convertor, however, the two 5 i nput term nals

of the reference vsd
M of the attenuatog
voltage is present$
ordinary refer encegv

age source are connected to the mddle ter m nal
resi stor network, where the comon-nobde i nput
As descri ped~TTgonnection with the
| t age sougxe, the commypn- node i nput vol tage at
the termnal M shoul

contain @&l f the in Ré&r gignal galue if the
attenuating section . ex—n npuyt signk. A sense

anplifier S neasures| the difference betweergythejco n emfter voltages
of the referencgevolftage source R and the constjmhgai naglifier G and

t he sense anplifier S produces a differeftial outpdi] xoll egtor
current as descrgbed above in connection Wlﬁh The orl|di/mary}!'
| ogarithmc convgrtor section. M5 Thejat §enuat i ng~"section's

attenuati on facter, ichist rati o of the differential voltage

passed to the c&st gpt-gain -f i er G andyt helvolit age at the i nput
terminals of thawbufffer anpl Hrer, is det ¥ned by {he resistor network.
To ensure proper2takleover between the nonT&fTenuatiing | og sections

descri bed P above and the attenuating pectionl fhe aktenuation ratio

must be the inv@se jof the 20 constant gain real ijzed i nMhe constant-gain

anplifier. If amdther attenuating section | a&ded,p_i ts attenuation

factor nust be Phe ijverse of @e square of the gaik, and so on.

An advant age of the [attenuati ngesection as conpare 0 a @ct a‘ltenuat or
!
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such as used in the Anal og Devi ces'

| owed dérivreec convertor.
the AD640 are equally |

the 25
cqnvertor and

ratio at the circuit i

section as described by Applicants.

anot her aspect of

vol tages of the |ow
be elim nated by renﬁw
WD 96/ 10796

PCT/ SE95/ 01097

di sposed in a feedbac
sections and the filtd

schemati c di agrakof K

passi ve conponen#s, vi
havi ng two i nput gperm
term nals COUT of2the

AD640 is the better dynam c range of
The maxi mum i nput' si gnal s of REMGHGT

ms but the signal to nolse
u

sing an attenuating

In accordance with
icants' invention, the limtation
d of the log convertor's input voltage range 30
ing the d.g. of fset vo|tages ﬂith a lowpass filter

nput is better
due to offset

can

| Fﬁm 7 = -25 |
W | oop c Sing the gsca e of | ogar$& hm c convertor
r. Refer¥ing fto fthe elegfrical

a cophj nati on of

ga out put

(As explained in

ig. 13, the loop filter is
z., resistors R4, R5, R6 a
nal s F1 that are_connected

connection with Igg. 4, the ter als COUT gLe the tiwo collector term nals
of t he cons@ant‘gW -gonvertor section in
t he cascade.) Thegy |l oop filter al so ha) pyt term nal‘s FOthg
are connected toghe differenti al _ >
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10 I nput of the cascade, i.e., to the base termnals of the differenti al
pair in th onstant-gain anplifier Gin the first |og

section ine?ﬁgwgggﬁade. Wthayfe loop filter c%ﬁﬁ@%?@@@ﬁn_
this way, a feedback |oop is formed that seeks to null the
differential d.c. input voltage, thereby elimnating the operating

range limtation due to d.c. offset voltages in the logarithm c convertor
sections. 15 It is, of course, possible to enbody the invention
in specific forns other t han thqu"Zzscggbed above wi t hout departing
fromthe spirit of the invention. 4 * eMdodi mrents descri bed above are
nmerely illustrative and shoul d not be considered restrictive in any
way. The scope of the invention is determ ned by the foll ow ng
clainms, rather than the preceding description, and all variations and 20

equi val ents which fall within the scope of the claing are. ntended to be
enmbraced thggeiqqnvertormegZ;q 796 Log convertor section
PCT/ SE95/ 01097 ' Ak
WHAT |'S CLAIMED|IS: p====1 1. LMOQogarithme-eonvertor for }-20
generating eljectriical out i si gnal that is
subst.ant i al .EQ?&H t hm on.cgi_am.l.ue_n.f. _ Il ; ?-IO—U—T
provi ded tointprhei %%réveérchc:oco {ising: coll
Dase : 1CC
l l-—-G J L--G'
L enad IS |
: ) r===" 1 ) r==="
R |emitter ibase :coll F3 emitter tbase :c_oll
R 'base \coll FL--a  _base gall
ibase coll ) l 1base icoll |! '
q 1 [t-g=4 i 1 |- ~4
base !colll | ' 'base ,colll /
| ' S | | S
e b = = Jd ]
lemmer lemmer
: SoreTen L
VOFFS|base; ‘coll
input|base; CGA icoll I
. [ ! _
T 1
. c==="
RT lemmer ibase :co_;ll |
Lo 'base 'coll
ﬁaase -:coll‘ d I f
| | — bep-d
\base (coll]| } Lo
L__?_} ’ ST
307 Lemn‘fer - Qutput Logarithmic output
' section .
Temperature \
compensation section ;
z =t
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5 a cascade of |og convertor sections, wherein each | og convertor

section WO § Ses: means for diff g4 \Wﬁ”@’hi
anplifying an el'ectrical section input si gnal , reln
anpl i fying means has a gain that is subst®d8ially constant

with a tenperature of the logarithm c convertor and generates a 10
| i near output signal having a value that is substantially linearly rel ated

to t he val ue of the electrical section'input signal and a | og
out put si gnal having a vghue that is substantially a

| ogarithm of the value of the o el ectrical section input

si gnal ; means for] generating a first reference voltage
that is substantially 15 equ to a common- node conponent of the

el ectrical section input signal, wherein the régerence
vol t age generating neans conprises a differential ! g amplifier
having a gain that is substantially cognstant with the tenperature
of the | ogarshhm c convertor, and meang for generating
a section o@put signal having a valffy that is 20 accurately
Iogarithnicé} y related to the valueg)f the electrical section

i nput signa§¥ or a predeterm ned opePeti ng range, wherein the section
out put sign is based on the | og output signal and on the first referencsqg.
vol t age and cgnpensates a tenperature dependency of the log output

signal; and 2¢
the electrical section input for a flrst Iog con
in the cascadg; the linear output signal of the anpl i fau=-h
one | og conveftor section is the electfrical section input
anplified by the anplifying neans in an i medi ately succeedin
convertor secfion In the cascade, 30 means 1 or gen
t enper at ur e- cpnpensati ng signal, conprii sing:

I}
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WD 96/ 10796

PCT/ SE95/ 01Q96 96110796 /Sﬁ $01097
first nmeans for generating an electrical signal having a value t I'S
substantially logarithmcally related to a value of an offset voltage;
means for generating a second reference voyygge that is

substantially equal to a common-node conponent of the electrical input 5
signal provided to the convertor; and ‘'second neans for
generating an electrical signal having a value that is
proportional to the tenperature of the logarithm c convertor based

on the electrical signal generated by the first neans and on the second

ref erence voltage; and 10 out put nmeans for generating a
t enper at ur e- conpensat ed el ectrical signal havi ng a val ue accurately
|l ogarithmcally relatef to the value of the electrical I nput pigna
provided to the converfor based on the sectlon out put signals and thg >
t enperature-conpensatipg g gndal .- * - © 2.0 ¢ ‘The Iogarlthnrc'cq
convertor of claimi, jherfein each of ‘the 15 = anplifying neans, the|feans
for generating the firgt rfference voltage, and the means for
generating the section{output ‘signal s “have transfer characteristics {hat
are based on an exponepti telationship of a PN junction. . 3.
The | ogarithm c converjor pf claim1, -wherein-the anplifying: >
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néans the neans for generating the first and second reference voltages,
and the 20 wolds/igiegeans each include first means for gener ajgyigrodngdey r ent

havi ng a magni t ude t hat depends on the tenperature of the

| ogarithmic convertor; and the means for 10/13 generating the section

out put signals and the second neans each include second means for
generating. a current having a magnitude that is independent of the
tenperature of the convertor. 25 4, The logarithm c convertor
of claim3, wherein each first curreng:' enerating neans includes a
nodel of the respective anplifying nme s’!Zac nodel bei ng enbedded
in a feedback loop for controlling the gain of the anpl i fyi ng neans
to be substantially constant with a tenperature of the | ogarithmc

convertor; and each second current gerh
of the respect'
WD 96/ 10796
PCT/-SE95/ 01097
nodel bei ng enpedded ijn a feedback | oop for ¢ontrolling the respectlve
means %Egeneratlng t he section -out pgt signal. 5.
The |l ogarithm hverft or of claim1l1, whereifp at | east one | og
convertor seC|<m2fLwther conpri ses neans f/Of Bting its el ectrica

{{gg’ neans includes a 30  nodel
ction oltput signal, each
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-

5 i nput signal. 6. The logarithm c convertor of claim

1, wherein t neans conbi nes the section outpyt_sigpals and
t he tenperawég@%ﬂgﬁ%ensati ng signal and converts the 3’%‘%&@“& gnal
to an out put voltage. 7. A logarithm c convertor for
generating an el ectrical output signal’1613 having a value that is
substantially a logarithm of a value of an electrical input si gnal
provi ded to the convertor conprising: a cascadeof |og
convertor sections, wherein each | og convertor section qonpri ses:

a constant-gain differential anmplifier conprising two input 1% -ccaccaeaaa -

termnals for receiving an el ectrical sectionciqput signal, the input
term nal s being the base t inals of two bipOl aa transisto&&; nmeans for
generating a first currentasgﬁ bi assi ng the bﬁbd!ar transisggrs, the first

current having a magnitude that is proportionﬁlaio a tenper @&ure of the

| ogarithm c convertor; a paigge of |inear outpu® t&rmnals for ansmttiTg
an 20 el ectrical.g¥gnal having a va t'h'af'i's_sW'
linearly related to the : val ue o€ the el ectrical gsection inpu
signal; and a | og output teMwinal for o transmtti@dng an

[

- 0
el ectrical signal having a value that is subsqugially'a
| ogarithm of the value of the electrical sect®onreinput signal;

e an e en o = e

| NSO

means for generating a reference voljgage that is substantiall y egquat 25--
to a conmon-node conmponent of the eltdetrical section input signal,

wherein the reference vol tage sourcédconprises a differential ranplifier
means for generating a second curregf for biassing the differential
anplifier, the sj\ ond ent _havi fg 2\ i de that | propertiona P
the tenperature ¢f the logarithnic \coplertor; and an output terminal fof 30

transmtting thejreference vol tage; and
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apsense anplifrér "having a first input ternnal electrically

connected to the | og output term nal of tﬁgwéonstant-gain anplifier; a
second input termnal electrically connected to the output termnal of the
reference vol tage generating neans, the first and segond input termnals 5
bei ng the base terminals of two respective bipol ar ansi stors; neans for
generating a reference current for biassing the bipojlar transistors, the
reference current having a nmagnitude that is substantially constant with
respect to the tenperature of the logarithmc converfor; and a pair of
output termnals for transmtting an el ectrical signhl having a val ue that

is 10 accurately logarithmcally related o the value of the

el ectrical section i nput signal for a predetermn oper ati ng
range; and the electrical input signal provided to the convertor i's
the electrical section input signal for a firgt | og convegpleor
section in the cascade; the linear output term nals r of th

constant-gain differential angdicgpfi ¢r in one | og convertor sectiQahare 15
el ectrically connected to the jinpuf term nals of thejconstant-ga

differenti al anplifier {in ap i medi ately succeedi ng | og tonvert or
section in the cascade; and the pairs of outpyt termnals of the
sense anplifiers of the |log cdgnverfor sections are connected in
paral lel; o
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& tenperature-conpensating section having a pair of output termnals 20

connected | r el to the pairs of output termnals of th

qpplifiers ghdgbﬁﬂdﬁ the | og convertor sections, the ﬁcﬁﬁﬁﬁﬁn¢w

t enper at ur e- conpensati ng section further13/13 conpri si ng:

a constant-gain differential anmplifier conprising two input .

termnals for receiving an offset voltage, the input termnals being the 25

base term nals of two bipolar transistors; nmeans for generating a third

current for biassing the bipolar transistors, the third current having a

magni tude that is proportional to the tenperature of the logarithmc

-convertor, and a |log output termnal for transgtting an el ectrical signal
ﬁéi

having a value that is substantially Usaﬁgké) ally related to the val ue
of 30 the offset voltage; 10796
-PCT/ SE95/ 01097 : ' : - 30-

means for generating a reference voltage that is substantially equal
to a comon-node conponent of the electrical input signal provi ded/Sl_lpply

t he convertor, and aSerseE anprrer —tatrmga T ST
input termnal electrically
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RE1 RE2 RE3 RE4
# —— |—o s
BOI ~ |BO2

IPTAT"V2 M IPTAT"/2

i i2




5 connect ed to tpEMidy W ter "g
: t énper at ur e-.conpensat i ng _ sect gn\t @a| ;a
second i nput t al el ectWDU—QINMUALFROPRTYORGAE@Mt ed to NG

term nal of the tenperature-conpensa section's reference
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t er m) (53 iStesamtiony PitkeClasiBQudad:M Nal s pf 1) RSdAmhliPificdtiodRdniber: { I 2NS WPOD67107
10 G06G 7pBaNs for generating a ﬁqference current for biassing the

bi poljar transi stors, 143} Intesnatiopal Publication Ddta v i NQ 1 bApihlg96 (1 1L.0486)
t hat s—substantTarty Stanmt—wtihTespectt0 the

terr.pémtmmubﬁamhﬁdmgmnb‘e‘rhm C mmnesim
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(82 Tisignated States: AM, AT, AU/RB, PG.BR, BY, CA, CH,

5. tenperature of the logarithm c sgomymm, Py VA, WOOUZ, VN, European patent{AT,
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vol talge Gedempteglecme(r m.ungmaﬂmg(m)each |

0g CChine udos beseppblisiedinahrventvf thireceipt of

tenpé conpe sat i, sectlon each 9merémantte two pairs of

Darllﬁ7 "ﬂﬁ‘ @ﬂﬁe&% ; eI st ors. ' 9. The
Iogaflthn1c conve tor o clarm , wherein the neans for generating
the flirst current and the means for genefating the second current in

each|l og convertor section include a nod¢l of the constant-gain

di fferenti al anplifier in the respTctive |.og convertor section, and
t he %eans for generating

(54) Title: TEMPERATURE COMPENSATED LOGARITHMIC CONVERTOR

(57) Abstract Log convertor ssction Log convertor section

A logarithmic convertor based on a nonlinear successive Fo=eoq 10 rsom 20
detection principle has a temperature-compensated biassing VI |base: ol base wgoll L
arrangement and a large operating range due to a d.c. feedback - inpat|boe basst O | base CBA ‘cait CouT
network for offset reduction and an attenuating input stage reall = S e

permitting large input voltages. The log convertor exploits L kg
the exponential relationship between the collector current and /' lemister base »
base-cmitter voltage of a bipolar transistor to render the ,[!'——,' e
convertor insensitive to temperature and process parameter l==-a

variations. The converter is a cascade of sections, each having
a constant-gain differential amplifier having a particularized
current source. The constant-gain amplifier may include a
Darlington differential pair, and the current sources have
outputs that are either temperature-independent or proportional
to temperature.
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the third current
of the constant-gain differenti al
t enper at ur e- conpensati ng secti on.

of claim?7, wherein at

convertor

| east one | og

aan]fler

10.
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in the tenperature-conpensating secti on conpri ses a node

in the

The logarithmec
convertor

further conprises neans for attenuatlng its electrical

si gnal .

rd
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section
5 i nput
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