. 9. SEP 2005 W DE- BAND S| NGLE- ENDED TO DI FFERENTI AL CONVERTER | N CMOS

" TECHNOLOGY BACKGROUND OF THE INVENTION 1. Field of the Invention The

.invention relates to single-ended to differential converters, and nore
particularly to w de-band single-ended to differential converters (DC to |

" GHz) with very |ow anplitude and phase matching errors, of the Qiéi%rEPoﬁ{lﬂﬁ
0.01 dB and 0. 15 degrees respectively, using CMOS technol ogy 2.

Descri ption 1 \ the prior art of a single to
differential Q\Ellq%gﬁﬁgmﬁﬁ\gﬂ%?h&%@gﬁ Qﬁﬂ%}?@%ﬂ'A'-f@Qh’\\’iEt%T&ﬁ pol ar
.counterpart, while FIG 3 i ignal version of FIG 1 -'However,
it is observed (and w || béﬁgﬁ%ﬁéwélﬁé}/ the performance of this
circuit cannot neet the requirenent for a w de-band single-ended to
‘differential converters-(DCto 1. GHz) wth very |ow anplitude and phase
matching errors, of the order of 0.01dB and 0.15 degrees respectively,
usi ng CMOS t echnol ogy, especially at high frequencies. FIG 1 is a
differential anplifier cor‘rgrised of transistors M and M2, their sources
are coupled to a refer¥NeECREIEND|QIF THEINVENTION ur rent source transi st or
M,. Their drains are coupled each to a voltage supply VOO via resistive
means Ru . The gate of M is connected to 1 2. SEP am input INP via

capacitive means Cl1. Input VBIAS|I provides bias to the gates of M and
, 1. Field of the Invention

The invention relates to single-ended to differential converters, and more
particularly to w_ide-band single-ended to differential converters (DC to 1 GHz) with very

ldw amplitude and phase matching errors, of the order of 0.01dB and 0.15 degrees

respectively, using CMOS technology.

2. Description of the Related Art

FIG. 1 shows the prior art of a single to differential circuit which is directly derived
from its bipolar counterpart,while FIG: 3 is the small signal version of FIG. 1. However,
it is observed (and will be shown later) that the perforinance of this circuit cannot meet

-the requirement for a wide-band single-ended-to differential coniferters-(DC fo 1 GHz)

'_ with very low amplitude and phase matching errors, of the order of 0.01dB.and 0.15
degrees respectively, using CMOS technology, especially at high frequencies. FIG. 1is
a diffgrentiail amptlifier comprised pf transistors M, and M,, their sources are coupled to
a reference potential via a tail current source transistor M,. Their drains are coupled

_each to a voltage supply V,,, via resistive means R.;. The gate of M, is connected to

1



“M.-via resistive neans RB1L and R$2 , respectively. The gate of M2 is also
connected to a reference potential via capacitive neans Cf2 . VBI AS2

provi des bias to the gate of M3 . Qutputs OUTA and OUTB are coupled to the
drains of M and M, respectively. FIG 3, which shows parasitic

gate-source capacitances CA and parasitic tail current capaci t%’bpgép% ,
will be discussed in detail in the Description of the Preferre 05

e B e Y"&??B?fé%?eh@?%qd%%{% {Pe st ShiTcaphe tor s
par aﬁf‘[‘fﬁi*ééi%'z‘%ﬁ%ﬁ‘ééma&%ﬁg'?éweeﬁ?fe%ﬁeiﬁciﬁ%‘éé sheis gl eacrisdtpan B
Aty BRI 2 L, 4L S B L
The @‘@%ﬁ%ﬁéﬂ"@?%@eﬁ‘%‘j éﬁhé?n%%%ﬁéﬁéeéé‘ﬁé Wbt |FID. Gpnver t er s
1. t ent Ninmura et al.) Crcuit for Converting
Si ngfvgrcgr‘%gﬂs Ipﬁlﬁﬁ‘ 'Cgo*? 8—n%ﬂ c§ gaRpoiansesot, Bd parasiticitail c@mmut Signals. 2. U.
?np5$5pe”t S Cr oVl HoRlCispodiT deibin hallesarpin Ghipagrefensd U &  Pat ont
S ngﬁwgeﬁa&edn 15251¢ b BRedbon epdharaman ot tecprBo@naotbna. U.S. Palont
5,220, 286 (Nadeem) Single-Ended to Fully Differential Converters,
Another prior art of a differential ampiifier with capacitors for cancellation of the

negative feedback action of the gate to drain parasitic capacitance Cap at high

frequencies is explained in Alan B. Grebene, “Bipolar and MOS Analog Integrafed.

Circuit Design”, John Wiley and Sons, 1991, pp 415-416. This second prior art,

however, does nothing to improve the amplitude and phase inibalances that we are

concermed with.

The following US Patents relate to single-ended to differential converters:

1. U.S. Patent 4,292,597 (Nimura et él.) Circuit for Converting Single-Ended Input
Signals to a Pair of Differential Output -Signals; -

2. U.S.Patent 4,369,411 (Nimura et al.) Circuit for Converting Single-Ended tnput
Signals to a Pair of Differential Output Signals.

3. U.S. Patent 5,068,621 {(Hayward et al.) Compensation Method and Apparatus for

| Enhancing Single Ended to Differential Conversion.



descri bes single-ended to differential converters using sw tched capacitor
circuits. It is well known that the highest frequencies that can be handl ed

" by such circuits are in the range of a few hundreds of Kilohertz only.

U S. Patent 5,614,864 (Stubbe et al.) Single-Ended to Differentiédl SEP 2005
Converter with Relaxed Common- Mode | nput Requirenents. 6. U. S. Patent
5, 805,019 (Shin) Voltage Gain Amplifier for Converting a Single Input to a

O£ er gt o Ontiyi o Ahoondrseosh o i 2108 | il AR Pl ReieL o'

using sw tched capacitor circui ts |s vve

frequenci esdedchpés & n.the.range of a few
hundr eds of © Ki | oshe??‘zelkg'r?@s%iQ%U%Iaﬁgﬁﬁgﬁg%&é@%s@@eg gﬁ?“%’e) Si ngl e

Ended to Didifcarentis Q}el!%BWﬁrtﬁ@trthélH%h@%@e%&e@fﬁéﬁaﬁ% c‘?%{nﬁ at‘%r and

Met hod, describes a circuit that can operate up

i npl enent atdirenitd Srewh the kangelo% R iupaRdRN Nnéhé}'& %ﬁ different from the
i nvention described. 8. 0766381 ( St ubbe et al Yrrproved Si ngl e-Ended to

Di f f ergnt i al.SCPatkeit 5aM14ydouh StURdleast o %@En&&ﬂ% Diffakdn
simlar to U S. Patent 5,614, 864 (S%ubbe et al. [abovggﬁg%@gg%gmo

(Haywar d etRelaxed GorGoropeMsdd Inpint Neghieshemd, Appar at us for Enhancing Single
Ended to Differential Conversion, simlar to U S. Patent. 5,068,621
(Haywe.d etU.8l Ppteab5)885, 0SONSAIRY VORade-EalNMENHeForConverting a Single
Input to a Differential Output, discloses single-ended to differential converters
using switched capacitor circuits. It is well known that the highest frequencies
that can be handled by such circuits are in the range of a few hundreds of
Kilohertz only.
7. U.S. Patent 5,896,053 (Prentice) Single Ended to Differential Converter and 50%
Duty Cycle Signal Generator and Method, describes a circuit that can operate up
to 300MHz. But the implementation is with bipolar devices and is quite different
- from the invention described.
8. EP 0766381 (Stubbe et al.) Improved Single-Ended to Differential Converter with
Relaxed Common-Mode Input Requirements, similar to U.S. F"atent 5,614,864
(Stubbe et al.) above. |
9. EP 0472340 (Hayward et al.) A Compensétion Method and Apparatus for

Enhancing Single Ended to Differential Conversion, similar to U.S. Patent

5,068,621 (Hayward et al.) above.

SUMMARY OF THE INVENTION




2 9 SEP 2005 It is. an object of the present invention to provide circuits
and a nethod for 'a wi de- band single-ended to differential converter (DC
tol GHz) with very |low anplitude and phase matching errors, of the order
of 0.01 dB and 0.15 degrees respectively, using CMOS technol ogy. According
of one enbodi nent of the present invention, there is provided a circuit

for converting a single-ended input signal to a differential output signal,
conprising: a voltage supply; a reference potential; a first stagg,-having
an input INP and a bias input IBIAS, first and second out put 2808&R 2% and
N2, said first stage providing a differential output signal at said nodes
N1 and N2, said first stage having a first and a second MOS transistor of

a first .coln.liuamtd:hjééty:fth@?@refs@ﬁﬁh{ﬂ&wtﬁ;rﬁbfﬂr%ﬁ@Eir&hitﬁa%@gﬁe%e%%q6) LSt and a

second resistive means connected between said VO F&9ene drain

of sabahd single-amitd tvalifersatalinsbnVefet (FOH St QHz) Wﬁ%‘?‘\% W laﬁgrl{wa?; e 'H]t he

drains of said first and said second MOS transistor Teprese first

and sghaseseatohidg etrbpbf the deddvbf a10d dNZnd 0. ¢S 886k i fiozai d
first MOS transistor connected to said inputégﬁggﬁ%imcgép'ggpﬁégm ans Cl,
and vheehmlegycapaci ti ve neans CO connected across said gate and a source of
said first MOS transi stor conpensates for a parasitic drain to reference
potential capacitance CB of a tail current source; and a second stage

connect ed t O &@8idthg d?%ﬂ@%m%dig%% Mine BRIsEnSRRPACh, HAIR &gx&&ga Grduti rd and a

fourth MOS transistor of sai Irst conductivity-type formng a

di f f er edf tctve AR bisidgRLenddd it Sigh8%o QluirRAlfal di sRAL, Sehlisidgeyr th MOS
transi stors are connected to sard nodes N1 and N2, ‘respectively, where a

third amtage Espplyt B réfehsd pyentEa irsPtfyes AANRS he MpbeiNresa Shbsing@l t age

supply and the
IBIAS, first and second output nodes N1 and N2, said first stage providing a differential
-output signal at said nodes N1 and N2, said first stage having a first and a second MOS
transistor of a first conductivity-type forming a differential amplifier, a first and a second
resistive means cbnnected between said voltage supply and the drain of said first and
said second MOS transistor, respectively, where the drains of said first and said second
MGOS transistor represent said first and said second output node N1 and N2,
respectively, the gate of said first MOS transistor connected to said input INP via
capacitive means C,, and where a capacitive means Cp connected across said gate and
a source of said first MOS transistor compensates for a parasitic drain to reference
potential capacitance Cg of a tail current source; and a second stage connected to said
nodes N1 and N2, said second stage having a third and a fourth MOS transistor of said
first conductivity-type forming a differentia[ amplifier, where gates of said third and said
fourth MOS transistors are connected to said nodes N1 and N2, respectively, where a
third and a fourth resistive means are connected between said voltage supply and the
drain of said third and said fourth MOS transistor, respectively, said second stage having

outputs OUTA and OUTB coupled to the drains of said third and said fourth MOS

transistor, respectively, said outputs OUTA and OUTB providing fully differential, wide-
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drain of said third and said fourth MOS transistor, respectively, said
second stage having outputs OUTA and OQUTB coupled to the drains of said
third and said fourth MOS transistor, respectively, said outputs OUTA and
QUTB providing fully differential, wde 4 29 SEP 2005 band signals ranging
in frequency from 100 kHz to 1 GHz (1 GHz=109 Hertz), with a nagnitude and
phase error at said frequency of 1 GHz, when referenced to a signal at

said input INP, of no nore than 0.015 dB (10 dB=1 Bell) and 0. 15 degrees,
respectively. According of a second ermbodi ment of the pre&hSEP¥ntion
there is provided a circuit for converting a single-ended input signal to

diff i al Si |, i S| Nng: | ly; . f
pot ent | i aippl e Sy gl R i i e i ana o b1 as
[ I BIAS. W, th_si | i Dbi i rst t N N2
wth s grarets sndntiRgienors GRnad Sep(P  GFE Y epi%’fte%‘ﬁa‘a%t%ﬁf ey a
diff tial t ' | ' | idfirst st
navi ng. 44 e B Prpo i Ranthar U IRER £ FRE0 19 peghc ot y pe

formng a differential anplifier, a first and a second resistive neans
connected between said voltage supply and the drain of said first and said

second M35 transi §\t086rdinP%ﬁgggédn\éeénéfbadhﬁb%t 3%8 Rgés&ﬁtﬁh%élﬁ{)ﬁ%erg@s transistor

coupled to said input via capacitive nea where a capacitive

means  CLAGQAnELLirdit f&%ﬁxger%ir%aé Qn%@-_teﬁd@d“ﬂgﬁrx b r%%raccﬂ?‘é}fentr‘a@i:&gﬂtjsri j, M5

transi stor conpensates a parasitic to reference potential

capaci t anaR iRy vdkab@blipdht BlrREerte YhfeRtial MGEEt SR, Halihd 81 input IRPAQE further
conprises: a current source having an input and a first and a second

out put, sifh digriaNR dhd afbidsahslit IAESH sikihal BRsCRSAMdetshdSRiysht Rb@ss Nnput | BI AS

for biasing sai d
and N2 with signals vi; and vy, respectively, said first stage providing a differential output
signal at said nodes N1 and N2, said first stage having a first and a second MOS
fransistor of a first conductivity-type forming a differential amplifier, a first and a second
resistive means connected between said voltage supply and the drain of said first and
said second MOS transistor, respectively, the gate of said first MOS transistor coupled to
said input INP via capacitive means Cy,, and where a capacitive means Cp connected
aéross said gate and the source of said first MOS transistor compensates for a parasitic
drain to reference potential capacitance Cg of a tail current source, where said first
étage further comprises: a current source having an input and a first and a second
output, said input of said current source coupled to said bias input IBIAS for biasing said |

" current source, said current source comprised of MOS transistors of a second

conductivity-type; a first and a second current mirror, with a first and a second input
each, said first and said second input of said current mirrors connected to said first and
said second output of said current source, respectively, said first and said second
current mirror comprised of MOS transistors of a said first conductivity-type; the drains of

said first and said second MOS transistor coupled to said voltage supply via said first

~and said second resistive means, respectively; the drains of said first and said second
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current source, said current source conprised of MOS transistors of a
second conductivity-type; a first and a second current mrror, with a
first and a second input each, said first and said second input of said
current mrrors connected to said first and said second output of said
current source, respectively, said first and said second current mrror
conprised of MOS transistors of a said first conductivity-type; the drains
of said first and said second MOS transi stor coupled to said voltage
supply via said first and said second resistive neans, regpgesgp y@éy; the
drains of said first and said second 4A 2 9 SEP 2005 MOS transistors

| abel ed N1 and N2, ' , th f id first d id
second NURSTRESE B arEa N FAiie Feopeaihehe Hobe AR 114 s¢  cur rent
' : id ref tential; fifth i St I i ith
sai dsecoiti e U Rel Sngllandee 1 ervhicd e Sot B ER B IR <ai d
referencekﬂgggnagalﬁah%e g@ie O¥ said first agﬁ sald second MX transistor
coupl ed W& SR AN A"SEVERTE MERTST TR HEHhE 3?"89%8%‘?‘\381'% to the

. . s Cetive . ¢

et BN oA Bk Sh Vo TERRL PSP BRI R e

means Cladldid SAbM MBSYHIER.BOLIN 1id it &%ﬁz?%%g{e@fh@ﬁﬂﬁ%ﬂﬂg%g to said

nodes N an sal second st'age Vi ng sai d

second SLagey; ﬁg&ggﬁu&cﬂ&ﬁ getﬁ@?? Said FiF Etix')@ﬁe%ﬁsaé}% & cf£ec8f1d St first

conductivity-t mng a erential anmplifier, a first capacitive

means CFrhirrfap@H&W@&Fé&?@&&ﬁ@w@ﬂéﬁsﬁm%gﬂe& bﬁ%rcggai%etrﬁé%'%bs&ggr and the

gate of said fo _ MOS transistor, a second capacitive means connect ed
bet ween saméféﬂérﬁ:b'b_o(fjgntiﬁ% deddAt stdge MohddidN8 IsaidMHod8d'Nl 1 kg Naaddiq of said third

MOS transi stor, sai
second stage having outputs OUTA and OUTB, said second stage having a third and a
fourth MOS transistor of said first conductivity-type forming a differential amplifier, a first
capacitive means Cgq connected between the drain of said third MOS transister and the
gate of said fourth MOS transistor, a second capacitive means Cr, connected between
the drain of said fourth MOS transistor and the gate of said third MOS transistor, said
first and said second capacitive means Cr, and Cg; each having a capacitance 5 to 10
times larger than the parasitic gate-to-drain capacitance of said third and said fourth
MOS transistor, respectively, said first and second capacitive means Cgy and Cr;
contributing toward a frequency response of signals v,y and v, at said outputs OUTA
and OUTB, ranging in frequency from 100 kHz to 1 GHz (1 GHz=10°% Hertz), with a
magnitude and phase error at said frequency of 1 GHz of no more than 0.015 dB (10
dB=1 Beil)’ and 0.15 degrees, respectively, when referenced to said signal v; at said input

INP; and said first and said second stage connected between said voltage supply and

said reference potential.
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first and said second capacitive neans CFl and CF2 each having a
capacitance 5 to 10 tines larger than the parasitic gate-to-drain
capacitance of said third and said fourth MOS transistor, respectively,
said first and second capacitive nmeans CF, and CF2 contributing toward a
frequency response of signals vOl and vo2 at said outputs OUTA and QOUTB,
ranging in frequency from 100 kHz to 1 GHz (1 GHz=10'" Hertz), with a

magni t ude and phase error at said frequency of 1 GHz of nim n 0.015
dB (10 dB=1 Bell) and 0. 15 degrees, respectively, when ré%- c to said
signal v; at said input |INP; and said first and said second stage
connected between said voltage supply and said reference potential. 4B 29
"SEP 2005 These and nany ot her objects have been achi eved by the use of -
capacitive means C,)-across the gate and source of first stage MOS

t r ansi st or Thdsewridmanywethereobdepta hatobédreactievaidrbyttie gs@ufchpacitive reate
potential) parasitic capacitance of the tail current source device for the
firstCgegss this gag ayusdureeabiivat stagadi@$ ransiston $1,@Fth a @hll@ dquat foectheecond
stage and setting their values to be several (5-10) tinmes nore than the
gat e- drain to greunskirefetence aptantiab patasitisicapacitance of therail elirfénd seurce device
transistors of the second stage. These and many other objects and
advanfadsiststagre Ysiag envalivalyedicapacitive mepes Croddt infthasearrehstage abde
skilled in the art to which the invention pertains from a perusal of the
cl ai ngsting dheip p@fiesdiaPawreiesal endOk HEepomosithdn dee gatedraiaskarapticon of
the preferred and second conductivity

t ypesCapasita Ing[l:) g'@%ﬁﬁ%%ﬁe{#@tﬁgﬁ]f@fgggtlo?y éfntﬂé s]:ai:ét% stage.

These and many other objects and advantages of the present invention will be
readily apparent to one skilled in the art to which the invention pertains from a perusal of
the claims, the appended drawings, and the following detailed description of the preferred

embodiments.

In the following, first and second conductivity types are opposite conductivity types,

such-as N and P types. Each embodiment includes its complement as well.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of a single-ended to differential amplifier of the prior art.
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such as N and P types. Each enbodi ment includes its conplenment as well.

- BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a circuit diagramof a
.single-ended to differential anplifier of the prior art. 4C 2 9 SEP 2005
FIG 2 is asinplified circuit diagramof a single-ended to differenti al
converter of the present invention. FIG 3 is the small signal28iS&Ru2i5
diagram of the anplifier of FIG 1. FIG 4 is the small signal circuit

-di-agram of pygienes aimdiibd Sr&ht Ief S 4he snal |
signal cirtcuit di agrma@n é [ﬁndlidcon étarl% 3‘%%@‘1&%‘?{9@%'6?"%%?@82 FI G
6 is apfy@nt pléntidnl cuit diagram of the circuit of FIG 2. FIGs. 7a and 7b
are graphs of the output anplitude and phase of the circuit as shown in

FIG 6. FIGs. 8a and 8b are graphs of the output anplitude- and phase error
of the circuit as shown in FIG 6. FIG 9 is a graph of the response to a

100Ktk & O, paskhekinia Yaka oyt Bl PindbmbABAGEERYIE - TG A0 TS

-graph of the response to a ne wave ‘at input INP of the
circuit. 2 2 SEP 2005 DESCRI PTI ON OF THE PREFERRED EMBODI MENT

FIG. 4 is the small signal circuit diagram of a general differential amplifier stage.

F1G. 5 is the small signal circuit diagram of the second stage of the converter of

FiG. 2
FiG. 6 is a complete circuit diagram of the circuit of FIG. 2.

FIGs. 7a and 7b are graphs of the output amplitude and phase of the circuit as

shown in FI1G. 6.

FiGs. 8a and 8b are graphs of the output amplitude- and phase error of the circuit

as shown in FIG. 6. ‘

FIG. 9is a graph of the response to a 100kHz 100mV peak sine waQe at input INP

of the circuit.

FIG. 10 is-a graph of the response to a 1GHz 100mV peak sine wave at input INP

of the circuit.



- FIG 2 depicts the basic idea of the present invention. It is a cascade of
two anplifying stages (stage | and stage 2) joined by nodes Ni and N2. The
first stage is a nodified version of the prior art shown in FIG | by
addition of a capacitor CO between the source and gate of M The biasing
I nput ; VBI AS1 and biasing resistive neans RB, of FEG1 aret h . , no s and
R,32' own for sinplcity.f he sane or simlar conponents in FIG 2S$a&fk 2 G

1 have the sane. L gRAHAR e biasi Loput for transistor M3 isS now

| abel ed VB! AS. Tﬂzééggﬁﬂgﬁggﬁfwlﬁg EMBODIMENT s conpri sed of
transistors MAd and Mo, and Ms as the tail current source transistor, which
I's coupl ed between M4 and Mb and the reference potential. Resistive neans

R2 are thgcl g@ebf?;?sdthg%%kféiE?é%aFg&t%ﬂgs%ﬂqw%”rggg.dﬂég 354823@%3@3?&? igﬁgsuloloI ¢

VDD. Coupl e tween drains _ :
oot o hpS Ehages (it i fide 2oV Bl one Moy ey pamien o 1
GHz. mibdified version of the prior art shown in FIG. 1 by addition of a capacitor C, between

the source and gate of M,. The biasing in.put-[\jBlAs1-and biasing resistive means R,

and Rg,’ oFFIG. 1, are not shown for Sirr-"[’rj"r‘::_ﬁ‘-"1"he same or similar components in FFIG. 2 and

FIG. 1 have the same designation. The biasing input for transistor M, is now labeled

VBIAS. The second stage differential amplifier is comprised of transistors M, and M,,

and M, as the tail current source transistor, which is coupled between M, and M; and

t_he reference potential. Resistive means R, are the two loa;d resistors for M, and M,

and coupled to voltage supply V. Couplec_i between drains and gates of M4 and M5

are compensating capacitors Cg, , —CFZ whiéh are 5-10 times larger in value than the

gate-source capacitance of M and which extend the frequency range to 1GHz. The

second stage, although structurally identical to the second prior art réference of A. B.

Grebene, is applied differently in the invention, as will be explained later.

FIG. 3 shows the small signal versio_p of the prior art of FIG. 1, where the same
components have the same label. This is also the first stage of th.e inventive ci-rcuit but
without the ciapacitor. Cp. We will first try to understand why the prior art does not

| perform well. After that we will describe our method to improve the performance. In
this figure, we have only considered small-signal voitages and currents: C,isthe

parasitic gate source capacitor (Cs) of any one of the differential pair transistors M,,



second stage, although structurally identical to the second prior art
reference of A B. Gebene, is applied differently in the invention, as

- will be explained later FIG 3 shows the small signal version of the prior

art of FIG 1, where the sane conponents have the sanme |abel. This is also
the first stage of the inventive circuit but wthout the capacitor. CD .
W will first try to understand why the prior art does not perforn?ﬁe‘-iﬁ‘? 2005

Af i ] ibe. d ' he f o hi
11 gur o MengefEd sy PG Rt L St Bl R wgelerina cbvemad, Ca 1o
bai v ¢ Bl 80 AratRte G sERR EretEt thp Tikesrest E0hCE Goitor N, Ther ac ¢ 1 ¢
sour ce Ster apacitances.of, M _.and M2 and the parasitic drain

bs'ib%t’a*& Qe ng‘f"ﬁgmfs P eupedee t%'}ﬂﬁ EETEPSBPISNERI. Nberefare. Cq
tsab;]riz‘ttf;;:o%él(pairés)itﬁ't{(i@aptarcgfgﬁfelsélgfeu%ﬁﬁ{;%e@gnne ted to e reference potential.
Therefore, C " 15 thé'total parasi er?é]ctﬁ? B 05%@&5# & refetensen the
dr ai f i al d) .. F t put Si I 0,
and gD BIEUAES KB SEnaR Y Rk B G U BRde ShalnbiibeS siiee. e
must |%tl*}6pp@§ﬂ@ prdde [ e BRIsEARG _idaggd g})gﬁa %ﬁua!-gndso@git%gﬂé% happen

provi ded the i nput voltage v, divi across $8lUrces of M

and Monly Réiggeri srovidediveihpun@ditageadiivided edlieestrbds %@?a@%&%rc@é bepf, FIG |
because nearly half of v,, at Input 1, appears at node causing ', to

f1 ow tamdoivigh Thiseis chtvpavier, rex mekadily 2iehived ifMhe. prids ad of €5 4 be&éuée%dézéﬂgn g

- possible to satisfy the desired relationship between id, and i
becausaliaff v, R&input hapgesars-a oode & calsirgoieso Hbw Mroagid tHow@pg al so  not equal .

conductance of M. As a result, it is not possible to satisfy the desired relationship
between 7, and i, and because of that, the gate-source voltages of M, and M, are also

not equal.

This situation can be corrected to a Ia-rge-extent by making i ,, i, much larger
than {,. This, in turn, will require the transconductance of M, or M2 to be much larger
than the output conductance of M,. ' Large transconductances are not usually achieved
with CMOS devices. In such cases, cascoding of M, will help. However, this
arrangement works only at low frequencies._ﬂ At high frequencies, parasitic capacitors

- G, and C, come into action. The total capacitance between the gate and source of M,
is C, , whereas the total capacitance between that of M, is C, + C,. Because of the
dnequal capacitances, the input voltage splits unequally across the gate-source of M,

and M, , and therefore, i, and i, are no longer what we want.



This situation can be corrected to a |arge extent by making id,, id2 much
larger than i,. This, in turn, wll require the transconductance of M or
M2 to be nmuch | arger than the output conductance of M3. ° Large
transconduct ances are not usually achieved wth CMOS devices. In such

cases, cascoding of M3 will help. However, this arrangement worgggg,gzngt
| ow frequencies. At high frequencies, parasitic capacitors 9)

i nt ti bet t t d f M oL
cn “unor eadoRa PP SRR SRR ende %faCQ%@ng]@ GATossbe OB ause of
th ta I | 1 t he
gat - s ancf BRR! hERAEaeSR QR o i A ierRR s WSehiineck wikngler wnat

Ay I Ca
7 & ot Mo YaREg Ealiy LA 10 g SRR BP@fgﬁM#éh e R 1 ocul <<

, IS COI’II’IEC'[ ed across source

can beadfiirereatis, if WeSalsd fcﬁfE!AQQHBBFedMU bntﬁéﬁggﬁsfsehq?tﬂquﬁt ar%';]rta% equal |y

across the gate-source of requenci e 15t|on to

this, ;bdss\me&iMefmhblog\uﬁémrBéﬁé@hﬁhc@%n‘ﬁia?@&'&:gﬁﬂt bf‘thleg:‘?.dra RREapr aph. 1t

is possible to have much superior performance conpare of t he
prior atrdil frequehées! at all frequencies. However, in practlce - for

exanpl e, due to a msmatch between C(c) and CB - the output of the first
stage in FIG 2 may still have snmall anplitude and phase inbal ances that
need to be further inproved. This can be done with a fully differenti al
second st aditowever, liopiatgjce hdoff éxaptiple ! digeto AT Mmigamater seaRGnOVaRd gen_qhgl fully

differential stage corrects the small inbal ances, please Tefer®to FIG 4.

The | s3utput obtheHingt stage in Flde R mepistil ba\ldmmbémphtude and phase imbalances
that need to be further improved. This can be done with a fully differential second stage
following the first stage. To understand how a general Mly differential stage corrects
the small imbalances, please refer to FIG. 4. The layout of FIG. 4 is identical to that of
FIG. 3, except that the gate of M, is not connect to the réference potential and that the |
inputs A and B to the gates 6f M1 and M2 apply signals v, and v,,, respectively. The
same components of FIG. 3 and FIG. 4 are identified by the same label. Again, only
small signal voltages and currents are considered. If the changes in Vi and v, are
equal and opposite, there is no voltage change at node T. The gate-source of M, and
'MZ see changes that are exactly v,y and v;; respectively and therefore, i, and I, are
equal and oppoéite. Now if there are small imbalances in the inputs, the voltage
changes appeéring at node T will also be small and the resulting magnitude of 7, will be
negligible. This will result in very nearly equal and opposite i, and Lg. Thié
improvement can be enhanced by making the transconductances of M, and M, much

larger than the output conductance of M,. For this purpose, cascoding of M, might be



- FIG 3, except that the gate of M2 is not connect to the reference
potential and that the inputs A and Bto the gates of M and M apply
signals v,, and.vl2, respectively. The same conponents of FIG 3 and FIG
4 are identified by the sanme |abel. Again, only snall signal voltages and
currents are considered. If the changes in v" and v,2 are equal and
opposite, there is no voltage change at node T. The gate-sourceZ BfSEY] 206hd

(%% ctly. . 72 tivel dth f o0 dy -
and” risonrly B iR eePEnBRS Aot pafitatis 673 Comme iteRces. (n f e
i-nput ing at. node T will also b 1] and th
- coul T e S BAE AORBIEN RRRRIGS Plbl dRotue by A RPelrarow vory

near Ippcequaly and i QBRRSLLE Af ‘?‘5‘7@4 j6 2 Thi Lprovenent, . can be enhanced by
maki n%]?' he "7 ansconAuet angﬂefsﬂeé V‘Il'g%thl 'ﬁ@rﬁ‘ﬁ%ﬁ{mﬁé’ﬁg’)ﬁ ?‘W&S’HQPE%@ out put
condugiciing QilPhot 3. ashfbat 44 # 1BWTRRES L Q%% MB might be 8 2 3 S EP
2005 necessary. Atﬁﬁi gh frequeﬁ%l%eg?fggﬁgg%@é “apaci tances C and C. cone
into action. The voltage changes at node Tare still small and, in fact,
attenuated by a factor (CA +CB ) [/(2CA +Cu ). The inbal ances at the input

wi | sti| Noivee ailleesplairt eFIg ot thd éeilﬁéﬂbrstdlﬁ,oa”@é%in%é E?:ft%td be as great

as in low frequency with cascodi ng. Now we w || 5§<pl ainin 5 how t he
~ capastagertelCRlimpréithe pedformandesticfurngr. BIGAGEs AR SmaPsighRr
performance still further. FIG 5 is the small signal equivalent of the

seconfithetsegend staghef thevianentive dicuttin FIG.R. FTi redistdRRY, eR sh@ltheRs, , RS2
are the output resistances of the first stage. Let us assune the inputs
vil ewgubregistandeswé thanlist stageh hbbus assunme dphplitsds, sy, phakgve Fhall
differential stage, as per discussions in the

imbalances in ampl:tude and phase. The differential stage, as per discussions in the

last paragraph improves on the imbalances and the capacitors Cr, , C, feed the

corrected output back to the appropriate inputs such that they add almost in phase-with

the inputs with the h__g}p of the resistors Ry, , Ry, . As a résult of this addition, the input

T
imbalances also improve and the output gets further corrected at high frequencies.
This process continues till an equilibrium is reached with the output imbalances
- considerably improved, especially at high frequencies. It can be noted that C-F1 ,Cep

provide a positive' feedback and therefore also help to extend the high frequency

response of the overall circuit. The second prior art reference of A. B. Grebene

requires that each of these capacitors will have to be equat to the gate-drain parasitic

capacitance Cqp of My or M,. However, in this invention, the value of C;. is chosen to

be 5-10 times larger than Cg,, to overcome the latter's negative feedback effects.



| ast paragraph i nproves on the inbal ances and the capacitors CF, , CF2 feed
‘the corrected output back to the appropriate inputs such that they add

alnost in phase with the inputs with the help of the resistors R5, , R52 .
As a result of this addition, the input inbalances also irrpr?slge EE% he
output gets further corrected at high frequencies. This proce ebht?Rues
till an equilibriumis reached with the output inbalances .considerably

[ d, ' =] ,es-. . | t ed t. CF1 , CF2
provide a pankeeue! Fulbmeliedtn of FRURTAEN wnshatRlh 18 B abinekdle i i on

: | eror _ |

of A B AR Bl PaRoPKEAEN O 0e BB REPE Bh1 Shte o be

equal fsecértbstagé 620 mhklentiRs @Rdultii€ bias8@ Bt GRKIE &Eé}, , ver, in
this invention, the value of CF is chosgr? to lge _t‘i%)u?/c}en@ém:\ﬁ?a t han CGD

to overBOXE b heoundt tBsing begataae coaprieas 6fsfchﬁeﬁ§so&c@tr%n§zﬁﬁ’r geq> The
actual inplenentation of the invention is shown in FIG 6. It i1ncludes 'the

bi asi ngnditwe cutreyt réiBroa trdnsistoEORIP2cANT MPB. MR 6RE MPB forl dRkhAt écgﬁ dirst
stage 61 and the second stage 62. The entire circuit is biase %y a single

cur r entransistoceMN1oand bl 3rof descddeBiud@nt sourgeo8ad CaBbadd Aeré&itielides®d 1 S
conprised of a current source transistor MPI and two current mrror
t r ansi ateofusthPeorapriseiRg.a IvBLcwareht MRBorf erdisting o€ MIA $.OMIBE a detaRgi St ors MNL
and MN3 of cascode current sources 64. Cascode current sources 64 are
f ur t hepureentprirroe consistingfaf MIA2 cMiB2 rendra thirdrcucrensiniitdrronsibtidd AMNDI Bl . a
second current mrror consisting of MA2, MB2, and a third current mrror
consi sMN{g Bie firsband sgepndTiwyent mgroraade thectail ducentrsantcasifor Peiragndt he t ai |
current sources for the first and

second stage, respectively. The third current mirror is the current source for resistive

means RS5.

Stili referring to FIG. 6, the first stage is comprised of MOS transistors M, and
Mz,‘their sources joined at node T1, their drains coupled via resistive means R, and R,,
each of value R, ,, to voltage supply V. The gate of transistor M, is coupled to input
INP via capacitive means C,,. The gate of transistor M, is coupled' to the reference
potential via capacitive means C,,. In addition both gates are coupled to resistive

means R; via resistive means R; and R,.

The second stage 62, coupled through nodes N1 and N2 to the first stage 61, is
comprised of MOS transistors M, and M;. Their sources are joined at node T2, and

their drains are coupled via resistive means R, and R, each of value R,,, to voltage

supply Vp,. The gates of transistors M, and M; are coupled to the drains of M, and M,,

10



second stage, respectively. The third current mrror is the current source
for resistive nmeans R5. Still referring to FIG 6, the first stage is
conprised of MOS transistors M and M, their sources joined at node TI1,
their drains coupled via resistive neans R, and R2, each of value RLI, to
vol t age supply V0O. The gate of transistor M is coupled to inpuR8 SEP Ni5a
capacitive neans C,,. The gate of transistor M is coupled to the reference

tenti j: Lo Le. | it “both t . l ed t
© Pest ot (et PREAL SRRAT 7L K eoieB dond herdtan @Nc ke wiagt o2,
| t i st st -~61, | i sed of MOS
Cr o Vo Ahd (RULRER BEp e, Riochfielidh fionk s FeBPintsto® a5t G0l < he
dr ai | LSid 23 . f | RL2, t
Vol t agaris RUBLALoMRIGAT LA YRaIRITE, M oxcH R Blon Blinde ™t o' The
dr ai nsréxpoltbe artheMircuil 8s drélicelsty A8{&a érﬁisimfﬁﬁté/c??ﬁa}\gggggﬁgugégggﬁ?d tor CF1

is connected fromthe drain of ‘M4 to the gate o edback

capaci tfage Gnduits OLAMNSNd eUTE 858 dipId Bithe efair_’l\@oﬁt%rr{sﬁ%om\h earﬁ] M}’ﬁi ghThese

f eedback capacitors, each of value CF, significantly exter
f requengpectivegponse of the circuit as previously stated and illustrated in
Table 4. The second stage outputs OUTA and OQUTB are coupled to the drains
of transistors M4 and Mo, respectively. Sinulation Results: Table | bel ow
summari zes the sinulation results using Hspice and a standard

Simuiation Results:

Table 1 below summarizes the simulation results using Hspice and a standard
0.35pm (1pﬁ1 = 10® m) CMOS triple poly, quad metal process. The simulation results
| show very fow amplitude and phase matching errors of 0.01dB and 0.14 degrees at
1GHz (1GHz = 10° Hertz) in Table 4. At 100KHz the results are even better. The
s‘im_ulation results are also presented with and without Cp, and C.. to show the effect of
the capacitors in Tables 1, 2, and 3. Simulation plots are shown in FiGs. 7 to 10. The
circuit can work at lower frequenciés than 100KHz - theoretically DC - provided the

coupling capacitors C,, and C,, ,usually equal in value, are appropriately increased.
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0.35pni (1 pm= 10" m CMOS triple poly, quad nmetal process. The sinul ation
results show very |ow anplitude and phase matching errors of 0.01dB and

. 0.14 degrees at 1GHz 01 GHz = 109 Hertz) in Table 4. At 100KHz the results
are even better. The sinulation results are -also presented with and

wi thout CD and CF to show the effect of the capacitors in Tablﬁ?%éﬁ%; _gnd
3. Sinulation plots are shown in FIGs. 7 to 10. The circuit-carr- ‘ &

| ower frequencies th e |caI Y, rovided the coupling
‘capacitors C' and Clgﬂﬁéggrvﬁﬂ‘m£{$§geg %‘3 F%"%%ﬂropriately i ncreased.
"11 2-0_SEP 2006 Table 1: VVth flrst stage only with CD renoved' . Frequency

Mag. of =prgiedy MAB&@se O nase g TN Tnat_garmat—gai n at
Pl i y%g[é fmag P%SM b E‘%g ) d'g%) (dB) (deg.) 100KHz
0.8941572 0. 8430R5 -%7,9(5910 685 1(07 0 ’6?1'4344 1GHz 0.3518937
-0. 996855 162.@886 - 4@48j408 @de§4874%;9932 23@@ Tabl(ag Wth both stages
“with CD, CFl1 , CF2 renoved. Frequency Mag. o o? Phase of Phase of
Mag. Phaqp gain-at _gain at gain at _gaipn at Error Error OUTA QUTB QUTA
QUTB ( dBKHEdB)0.494¢572) 0.661a63 -178iB)04( d@gsse 100iE31407. Beukdss’ . 8615

0. 083672z 179. ®3488930. AHIBsH3. K¥1936 49.7408  1.3487491 32.2344

Table 2: With both stages with Cp , Cgy . Cp, removed.

Frequency Mag. of Mag. of Phase of Phase of Mag. Phase
gainat  gain at gainat gainat Error Error
OUTA ouTs OUTA ouTB

(dB) (dB) (deg.)  (deg)  (dB) (deg.)

“100KHz 7.8617 7.8615 0.0836726-179.9157 0.0002 0.006-
1GHz 4.5759 5.6983 -60.9852 113.2932 1.1224 5.7216

Table 3: With both stages with C, removed.

Frequency Mag.of  Mag.of  Phase of Phase of Mag. Phase
gainat gainat gainat gainat Error Error
OUTA ouTB OUTA OuUTB .
(dB) (dB) (deg.) (deg)  (dB) (deg.)

100KHz 7.8617 7.8615 0.0848406 -178.9145 0.0002 0.0004594
1GHz = 6.5798 6.6852 -69.0413  107.8650 0.1054 3.0937
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1 GHz 4.5759 5.6983 -60.9852 113.2932 1.1224 5.7216 Table 3: Wth both
stages with CD renoved. Frequency Mag. of Mag.of Phase of Phase of Mag.
Phase gain at gain at gain at gain at Error Error OUTA QUTB OUTA OUTB
(dB) (dB) (deg.) (deg:) (dB) (deg.) 100KHz 7.8617 7.8615 0.0848406

-179. 9145 0. 0002 0.0004594 1 GHz 6.5798 6.6852 -69.0413 107. 865@ 30SHP A5
3.0937 12 29 SEP 2005 ..Table 4: Wth conplete circuit. Frequency Mag. of
Mag. of Phase of Phase of al n at gain at gain at Error
Error OUTA OUTB OUTA mswﬁgﬁfﬂﬁ'aﬁcf’g’@beq? b ) (dB) (deg.) 100KHz
7.8617 7.8615 0.0848338 -179.9145 0.0002 O. 0006662 1GHz 6.6359 6.6231

-70. 67 0 1 o€ v ! T EquerTy Tesponse wth
addititi):ﬁeqéf' @ggact%: ﬂ’ 09 ﬂ, dge ﬁr?%%% r Tab fé "% the foll owi ng

i nproovenent s @TA %a ed "@hbodi MENt of the present

i nvention: a) d@Be mag(rasy ude gj‘eggal N (d@dg.)out pai @&r)'nd QUTB is 7.86 dB (10
dB =1 Bell), but may be ranging from? to Eg a frequency of 100 kHz

(1 kHZ = 1000 Hertz)

100KHz 7.8617 7.8615 0.0848338 -179.9145 0.0002 0.0006662
1GHz 6.6359 6.6231 -70.6712  109.4763 0.0128 0.1475

S
dB

The improvement in frequency response with addition of C, , Ce, is also to be noted.

Per Table 4 the following improvements are realized by the preferred
embodiment of the present invention: |
a) The magnitude of gain at outputs OUTA and OUT!B is 7.86 dB (10 dB = 1 Bell),
but may be ranging from 7 to 9 dB at a frequency 01‘c 100 kHz (1 kHz = 1000 Hertz).
b) The magnitude of gain at outputs OUTA and OUTB is 6.6 dB, but may be
ranging from 6 to 8 dB at a frequency of 1 GHz (1 GHz = 10° Hertz).
'c) The phase of gain at output QUTA is 0.0848338 degrees, but is less than 0.09
degrees at a frequency of 100 kHz.
d) The phase of gain at output OUTA is -70.6712 degrees, but is less than —72
degrees at a frequency of 1 GHz. -
€) The phase of gain at output OUTB is —179.9145 degrees, but is at least —179
degrees at a frequency of 100 kHz. )
1] The phase of gain at output OUTB is 109.4763 degrees, but is at least 108

degrees at a frequency of 1 GHz.
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b) - Thé magnitude of gain at outputs OUTA and QUTB is 6.6 dB, but may be
ranging from6 to 8 dB at a frequency of 1 GHz (1 GHz = 109 Hertz), c) The
phase of gain at output OUTA is 0.0848338 degrees, but is less than 0.09
degrees at a frequency of 100 kHz. d) The phase of gain at output QgTA i[%
-70.6712 degrees, but is less than -72 degrees at a frequency ofe 81 SERA0 e)
The phase of gain at output OQUTB is -179.9145 degrees, but is at |east -179

- degreeg) at Fhé regnricy and pAlS: &irb: atfthe TRGUANSSE 106HZA, : Sis_
109. 4763 degrees, but is at |east 108 dglgj:jrees at a 'frlg%rﬁFeerﬁ%hg T%:z 13

2 9 SEBigRaDA ighut THE, isEnin 20,4 and 0. PITEsEeResH butiiltdiend FRAsIaReY0. 05! Gz,
when referenced to a signal at input INP, is 0.0128 dB and 0. 1475 degrees,

but wi HB dnd (5 degreesheapéci®ély. dB and 0. 15 degrees, respectively. FIG 7a
is a graph of the output anplitude in dB vs. frequency from 10kHz to 10GH
for both outputs OUTA and OQUTB. Curve 70 describes both outputs up to well -
beyond I GHz. FIG 7b is a graph of the output phase in degrees vs.
frequency fi&n7a0%pigraph oftbSdutpubampditude in ot \ea frequentyiftim QoliAy &nd Curve 72
i ndi cates output OUTB. QUTB is shown to switch froma negative 180 degrees
phase 10GHzerdhath eetpLE0ONE §r arekOPi8s eCursie 78rdmsnibetifithivutpdesey & well here i s-

no phase swtch because +180 degrees and
beyond 1GHz.

FIG. 7b is a graph of the output phase in degrees vs. frequency from 10kHz to
10GHz. Curve 71 indicates output OUTA and Curve 72 indicates output OUTB. OUTB
is shown to switch from a negative 180 degrees phase to a positive 180 degrees phase
at around 400kHz. However, there is no phase switch because +180 degrees and
—180 degrees are the same phase angle. The switch in the phase angle of Curve 72 is

~ an artifact of the numerical techniques used by the simulator.

FIG. 8a is a graph of the output OUTA amplitude error in dB vs. frequency from
10kHz to 10GHz. Curve 81 indicates that the amplitude error is near zero and constant -

up to 1GHz.

FIG. 8b is a graph of the output OUTA phase error in degrees vs. frequency from
10kHz to 10GHz. Curve 82 indicates a phase error of near zero up to about 400kHz.
Then the phase error is shown to switch to nearly 360 degrees and stays constant to

past 1GHz. However, there is no change in the phase error because 0 degrees and .
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-180 degrees are the sane phase angle. The switch in the phase angle of
Curve 72 is an artifact of the nunerical techniqgues used by the sinulator.
FIG 8a is a graph of the output OUTA anplitude error in dB vs. frequency
from 10kHz to 10GHz. Curve 81 indicates that the anplitude error is near
zero and constant up to 1 GHz. FIG 8b is a graph of the outpu@ 8CBHRA 2fhase
error in degrees vs. frequency from 10kHz to 10GHz. Curve 82 indicates a

phase, S logteding A0 k0 PRRLIT AO0KEY o THER NP BIZaS Ly o 15 show

to switch near 'y rees S However,

there itscHMyUERAREE bythd Bfnph@se error because 0 degrees and 14 29 SEP 2005
360 degrees are the sane phase angle. This is again an artifact of the

nunmerical techniques used by the sinmulator. FIG 9 is a graph of the
response at outputs OUTA and OQUTS to a 100kHz 1 OOnV peak sine wave at the

i nput | NP i AL ks avgraph opefd eeporise atBRithitd OLPEA afdl OPRSEPR 980119, 50
m croseconds. Curve 91 indicates output OUTA and Curve 92 I ndicates output

QUTB. '10Bmdymenkt sine wave at the input2ROTIV valk 0sIndiparideBofMink@fro0idd out puts s

i ndi cated when both curves are conpared. FIG 10 is a graph of the response

at  out mitesekdnlsdo SOChIEDstcomds] Cinive D1GRAMAIES Blitpst ORI TURNE] BUnids | nput | NP
in volt vs. a period of tinme from2 nanoseconds to 5 nanoseconds. Curve

101 i nétidictesoutptibOt TEBUPASymoheGital swihf 2f RO0MVa4resn@RISBLY for BdiBoututs
symmetrical swi ng of 190nV around 2.53 V for both outputs is indicated
is indicated when both curves are compared.

FIG. 10 is a graph of the response at outputs OUTA and QUTB to a 1GHz
100mV peak sine wave at the input INP in volt vs. a period of time from 2 nanoseconds
to 5 nanoseconds. Curve 101 indicates output OUTA and Curve 102 indicates output
OUTB. A symmétricai swing of 190mV around 2.53 V for.both outputs is indicated

when both curves are combared
Advantages

The advantages over the prior art are quite obvious when the results in Table 1
are compared with those of Table 4 and FIGs 7a, 7b, 8a, 8b, 9, and 10. In addition the

very substantial advantages are gained by adding just three capacitor to the circuit.

While the invention has been particularly shown and described with reference to

the preferred embodiments thereof, it will be understood by those skilled in the art that
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- when both curves are conpared . Advantages The advant ages over the prior
art are quite obvious when the results in Table 1 are conpared with those
of Table 4 and FIGs 7a, 7b, 8a, 8b, 9, and 10. In addition the very
‘substantial advantages are gai ned by adding just three capacitor to the
circuit. Wiile the invention has been particularly showm and dezfi g§%mﬁtr1
reference to the preferred enbodi nents thereof, it mﬁll be und F y
t hos | - 8 SEP 005 iou anges in formand
dot ai o fenddt i ambhd LB oA R o Mool e i FoRHGesolpandr ¢ ne
|nveq£bggof@§”gv§“§ﬁP 2005 Clalns | Acircuit for converting a

si.ngl e-ended i nput signal to a differential output signal, conprising: a
vol tage supply; a reference potential; a first stage, having an input INP
and a bias input IBIAS, first and second output .nodes N1 and N2, said
first stage providing a differential output signal at said nodes NI and
N2, said first stage having a first and a second MOS transistor of a first
- conductivity- type formng a differential anplifier, a first and a second
resi stive means connected

16



bet ween said voltage supply and the drain of said first and said second MOS
transistor, respectively, where the drains of said first and said second
MOS transistor represent said first and said second output node NI and N2,
respectively, the gate of said first MOS transistor connected to said
input INP via capacitive neans Cl, and where a capacitive nmeans CD
connected across said gate and a source of said first MOS transistor
conpensates for a parasitic drain to reference potential capacitance CB of
a tail current source; and a second stage connected to sai @ $H88R and
N2, said second stage having a third and a fourth MOS transistor of said
first conductivity-type formng a dfffres ent i al anplifier, where gates of
said third an saieg fourth MOS transi stors are connected to_ said nodes N
and N2, respetti vel gireufiferconyerting 2 ainglgeended Bpkt Honakla a difforential extpubr e
connected between said voltage supply and the drain of said third and said
fourth MBI Eor, respectively, said second stage having outputs OUTA
and OUTB coup] eq to tI]e, drains of said third and said fourth MOS
transistor, relPEIFSYRY said outputs OUTA and OUTB providing fully

differential, _w.de- i gnal s ranging in frequency from100 kHz to | G
(1 GHz=109 Fb?ﬁz}c%?n%we@aﬁagni tude and phase error at said frequency of 17

R o e L L T R TR
L Ao e P09 s LM L5 BB oo

and N2, said first stage having a first and a second MOS transistor of a first conductivity-

type forming a differential amplifier, a first and a second resistive means connected

between said voltage supply and the drain of said first and said second MOS transistor,

respectively, where the drains of said first and said second MOS transistor represent

said first and said second outpUt node N1 and N2,. respectively, the gate of said first

MOS transistor connected to said input INP via capacitive means C,, and where a

capacitive means Cp connected across said gate and a source of said first MOS

transistor compensates for a parasitic drain to reference potential capacitance Cg of a

tail current source; and

a second stage connected to said nodes N1 and N2, said second stage having a

third and a fourth MOS transistor of said first conductivity-type forming a differential

amplifier, where gates of said third and said fourth MOS transistors are connected to

said nodes N1 and N2, respectively, where a third and a fourth resistive means are

connected between said voltage supply and the drain of said third and said fourth MOS

tranéisfor, respectively, said second stage having outputs OUTA and OUTB coupled to

the drains of said third and said fourth MOS transistor, respectively, said outputs OUTA

and OQUTB providing fully differential, wide-band signals ranging in frequency from 100

kHz to 1 GHz (1 GHz=10" Hertz), with a magnitude and phase error at said frequency of
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3. The circuit of claim?2, wherein said first mrror is connected between
the junction of the sources of said first and said second MOS transi stors
and said reference potential. 4_ The circuit of claim1, wherein said
capacitive nmeans CD splits the input voltage at said input INP equally
across the gate-source of said first and said second MOXS transistor. 5.
The circuit of claiml1, wherein said second stage is further conprised of
a second current mrror connected between the junction of thggggpqmﬁ of
sai d third and“said fourth MOS transistors and said reference potential. 6.
The circuit of claiml1l, wherein said second stage is further conprised of
a first ¢&leheneferears o sidRbatsaddpRifdNE QI ARITPere &afehle 8610 where said
capacitivy ) 1 and CF2 are connected between the drain of said third
and sai ﬂg?gﬁa)ﬁ"ﬂc/&st&gﬁﬁssﬁeﬁ?%m %& the gate of said fourth and said third
MOS transistor, respectively. 18 2 9 SEP 2005 7. The circuit of claim®,
wherein said first and said second capacitive neans CFl and CF2, where said

capacitive neans C‘QEI a CFZF*ﬁ?f,crf%@?ﬁih?geﬁ%aq@ﬁaé3",993?{51?%%39tﬂigintc?iu%s | ar ger

than the parasiticgate- 02" _ : _ nd-said fourth
!VDS tr apélcﬁllrgrgt’soﬁl%g?cﬁ'fcptrévYo%g?/ CLfrﬁeht f% fﬁétra%H!s%cér]%rcu?l%nyrﬁfrrlokgg_ a singl e-ended
i nput signal "to a differentia out put  signal’, conpri sing:
3. The circuit of claim 2, wherein said first mirror is connected
between the junction of the sources of said first and said second MOS transistors and

said reference potential.

4. The circuit of claim 1, wherein said capacitive means Cp, splits the
input voltage at said input INP equally across the gate-source of said first and said

second MOS transistor.

5. The circuit of claim 1, wherein said second stage is further
comprised of a second current mirror connected between the junction of the sources of

said third and said.fourth MOS transistors and said reference potential.

6. The circuit of claim 1, wherein said second stage is further
comprised of a first capacitive means Cg; and a second capacitive means Cg,, where
said capacitive means Crq and Cg, are connected between the drain of said third and
said fourth MQS transistors and the gate of said fourth and said third MOS tfransistor,

respectively.
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a voltage supply; a reference potential; a first stage, having an input |INP
with signal v; and a bias input IBIAS with signal ibias, first and second
out put nodes N1 and N2 with signals v;l and Vi2, respectively, said first
stage providing a differential output signal at said nodes NI and N2, said
first stage having a first and a second MOS transistor of a first
conductivity-type formng a differential anplifier, a first and a second
resistive means connected between said voltage supply and the drain of said -
first and said second MOS transistor, respectively, the gl S @ d first
MOS transi stor coullol ed to said input INP via capacitive neans Cl1l, and
where a capacitive rreanEheC%CB'bPlr%'ﬁ‘&lwﬁem%a'%ﬁfﬁﬁa@bﬁa@ sar@nd he source of
said first tran3|stor ensates for a parasitic drain to reference
pot ent i aFaQ?é 'é{‘épleéﬂ%@“@ &F2ve‘{" é‘?Fa'ﬁﬁﬁ"ﬁaéﬁ’t’eWP%QFT,HW%?éa%h@efﬂ rst stage
further n‘F ? alociurrﬁz e havin :"E%m and a first and a

second oﬁ?pﬁf ancg n g 10t rg?rt %ﬂ e Parastiy afe N earAsitarret saidithirdyi as

i nput | BLA sai.d curr source, said current source conprised
of MOS t?%??%?(g 6‘%%@%'&6%%%8{ tFoB% ﬁ'ﬁfﬁ'@ftl vity-type; a first and a second '
current mrror, with a first and a second i nput each, said first and said
second input of said current mrrors connected to said first and said 19 29

S S e, Pt RS N SRYBSFond FRRSTLE Joss Bl |55
conduct i ¥ith¥r &igHAR comprising:

a voltage supply;

a reference potential;

a first stage, having an input INP with signal v; and a bias input IBIAS with
signal ibias, first and second output nodes N1 and N2 with signals v, and v, |
respectively, said first stage providing a differeﬁtial output signal at said nodes N1 and
N2, said ‘ﬁrst stage having a first and a second MOS transistor of a first conductivity-type
forming a differential amplifier, a first and a second resistive means connected between
said voltage suppiy and the drain of said first and said second MOS transistor,
respectively, the gate of said first MOS transistor coupled to said input INP via capacitive
means Cp, and where a capacitive means Cp connected across said gate and the
source of said first MOS transistor compensates for a parasitic drain to reference
potential capacitance Cg of a tail current source;, where said first stage further
comprises:

a current source having an input and a first and a second output, said
input of said current source coupled to said bias input IBIAS for biasing said current
source, said current source comprised of MOS transistors of a second conductivity-type;

a first and a second current mirror, with a first and a second input each,

said first and said second input of said current mirrors connected to said first and said .
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the drains of said first and said second MOS transi stor coupled to said
vol tage supply via said first and said second resistive neans,
respectively; the drains of said first and said second MOS transi stors

| abel ed nodes N1 and N2, respectively; the sources of said first and said
second MOS transistor joined in node T1 and coupled via said first current
mrror to said reference potential; a fifth resistive neans in series with
sai d second current mrror coupled between said voltage sug%lﬁnd sai d
referencé& potential; the gate of said first and said second 2e8si st or
coupled via a sixth and a seventh resjistive neans, respectively, to the
juncti onserepderiputelisgidiqurent souEses faspectivaikaiald Hstandsaif secephauresiitr ent
mrror; and the gate ai d second MOS transi stor coupled via capacitive
means G@'rrqﬁo@aﬁ?q@%éﬁﬁ%s'ﬁﬂﬁé’ gica ;'rsécg'é‘i{‘}ﬁﬂtyétt’%e connected to said

econd stage havi nje A A UG AN SORERRIEE OB hePEr g C3PH 17t

reans CHIOHR RUBTEH SR A AT RV aPaIY Brs AT Fartes e SRS and ¢ ne
Connoct eBBETLRRh RSP MO By PolFARREARFENS [RoRRRE: e gate of
and OF2 each havi e 2oL e P dodea P opRAUOS ARG SERENN NRE P20 e

gat e- t o- ¢ly ?b‘?“’@iﬁc‘?é é‘cﬂ{fﬁ[asﬁg.lr%il Hnirfgf?ité Qaiépé:}el%ﬁj:%%é}%}étrag 1“’2? 4 transistor,

respective Irs second capacitive CF2

contributing towa fudebERAHABSS ih SSRANGEH Lfd SIBRG LS middidolipiéd 2t said
out puts OUTA and QUTB, |

between said voltage supply and said reference potential;

the gate of said first and said second MOS fransistor coupled via a sixth
and a seventh resistive means, respectively, to the junction between said fifth resistive
means and said second current mirror; and |

the gate of said second MOS transistor coupled via capacitive means C,,
to said reference potential;

a second stage connected to said nodes N1 and N2, said second stage
having outputs OUTA and OUTB, said second stage having a third and a fourth MOS
transistor of said first conductivity-type forming a differential amplifier, a first capacitive
means Cg, connected between the drain of said third MOS transistor and the gate of
said fourth MOS transistor, a second capacitive means Cg; connected between the drain
of said fourth MOS transistor and the gate of said third MOS transistor, said first and
said second capacitive means Cr, and Cg; each having a capacitance 5 to 10 times
larger than the parasitic gate-to-drain capacitance of said third and said fourth MOS
transistor, respectively, said first and second capacitive means Cr; and Cr; contributing
toward a frequency response of signals v,4 and v, at said outputs OUTA and OUTB,

ranging in frequency from 100 kHz to 1 GHz (1 GHz=10° Hertz), with a magnitude and -
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ranging in frequency from 100 kHz to 1 GHz (1 GHz=109 Hertz), wth a

magni tude and 20 2 9 SEP 2005 phase error at said frequency of 1 GHz of no
nore than 0.015 dB (10 dB =1 Bell) and 0. 15 degrees, respectively, when
referenced to said signal v; at said input INP; and said first and said.
second stage connected between said voltage supply and said reference
potential. 9. The circuit of claim8, wherein said first and second current

mrrors,are_cascoded current mrrors. 10. The circuit of cl %i nggp 2‘:ﬁ%erei n
sai d second“stage further conprises: a current source havi @ i“rfput  and
a first and a second output, said input of said current source coupled to
sai d bi aBNassser pesarkireqyensy ofsh @z stagimets tham.018 gB(t@dBshBell@ndr ent sour ce
conpri se f, MOS transi.stors of a second conductivity-type: a current
mrror, an'@ﬁeﬁrelef"r@?peéh\ﬁé%@QEﬁﬁWw,sagaﬁ'@afYi@%?a"iﬁ’@ug'w:da%cond i nput
of said current mirr connected to said first and sai d second out put of
said current sour ‘?ﬁrlste@'ﬁigst?fchfézf’ i slags gorngried betwrep sgid voliags SupBl of MOS
transi st idfirs conductivity-type; the drains of said third
and saidg%%ﬁﬁéﬁﬁ%ﬁggﬁ?%ﬁﬂﬂa tor coupled to said voltage supply via said
third and said fourth resistive neans, respectively; the drains of said
third and said fourth MOS transistors representing outputs OUTA and QOUTB,

respectively; the gourcgy c‘ﬂ’i:ui?&ic%iyg, Lvﬂel%mdsa?ﬁrgt etn%%%%gn curretn{ ansi stor

joined in node T2
' mirrors are cascoded current mirrors.

10. The circuit of claim 8, wherein said second stage further
comprises:

a current source having an input and a first and a second outpﬁt, said
input of said current source coupled to said biaé input IBIAS for biasing said current
source, said current source comprised of MOS transistors of a second conductivity-type;

a current mirror, with a first and a second input, said first and said second
input of said current mirror connected to said first and said second output of said current
source, respectively, said current mirror comprised of MOS transistors of a said first
conductivity-type;

the drains of said third and said fourth MOS transistor coupled to said voltage
supply via said third and said fourth resistive means, respectively; the drains of said third
and said fourth MOS transistors representing outputs OUTA and OUTB, respectively;
the sources of said third and said fourth MOS transistor joined in node T2
and coupled via said to said reference potential; and
the gate of said third and said fourth MOS transistor connected to said

node N1 and N2, respectively.
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and coupled via said to said reference potential; and the gate of said
third and said fourth MOS transistor connected to said node NI and N2,
respectively. 21 29 SEP 2005 11. The circuit of claim 10, wherein said
current mrror is a cascoded current mrror. 12. The circuit of claim8,
wherein the magnitude of gain at said outputs OUTA and OUTB ranges from 7
to 9 dB (10 dB =1 Bell) at a frequency of 100 kHz (1 kHz=1000 Hertz). 13.
The circuit of claim8, wherein the magnitude of gain at said _outputs OUTA
and OQUTB fanges from6 to 8 dB at a frequency of | GHz (1 cHeS 18P 25881t 2) .

14. The circuit of claim8, wherein the phase of gain_at said output OUTA
is less than 0.09 Hbgre-g'ée%ﬁw%%?'%'ﬁh@mwe’@lm SEiHey] t@f‘%‘%acasfﬁ Hert z).
15. The ci rcwt of claim8, wherein the phase of gain at said output QOUTA
is |ess PWEM™W9Tgegrees at a frequency of 1 GHz (1 GHz=109 Hertz). 16. The
circuit of claim8, wherein the phase of gain at said output OQUTB is at

| east -179 degrees at a frequency of 100 kHz (1 kHz=1000 Hertz). 17. The

circuit of claim8,,wherein the phas f gajn at ald Bis at
| east 108 degrees o aeF %1@8'589‘9 1k W%EIEEQT G ?—%ﬂf'%{ %T
outputs OUTA and OUTB ranges from 7 to 9dB (10 dB =1 Bell) at a frequency of 100

kHz (1 kHz=1000 Hertz).
13.  The circuit of claim 8, wherein the magnitude of gain at said
outputs OUTA and OUTB ranges from 6 to 8 dB at a frequency of 1 GHz (1 GHz=102

Hertz}.

14. The circuit of claim 8, wherein the phase of gain at said output

OUTA is less than 0.09 degrees at a frequency of 100 kHz {1 kHz = 1000 Hertz).

15. The circuit of claim 8, wherein the phase of gain at said output

OUTA is less than -72 degrees at a frequency of 1 GHz (1 GHz=10" Hertz).

16.  The circuit of claim 8, wherein the phase of gain at said output

OUTB is at least -179 degrees at a frequency of 100 kHz {1 kHz=1000 Hertz).

17. The circuit of claim 8, wherein the phase of gain at said output

~OUTB s at least 108 degrees at a frequency of 1 GHz (1 GHz=10" Hertz).
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2 9 SEP 2005 18. The circuit of claim8, wherein said capacitive nmeans CD
splits the input voltage at said input INP equally across the gate-source
of said first and said second MOS transistor. 19. A nmethod of converting a
singl e-ended input signal to a differential output signal, conprising:
providing a differential input stage, having a signal input INP and
differential output signals; providing differential anplification in said
differential input stage with a first and a second MOS transjstaor, where
sai d first MBS transistor receives said signal input |NP, c&$HehBalling a
parasitic tail current source transistor capacitance of said differential

i nput stage with cBpacitevrcHeefitipins. whamskcaidicapeeive meres Gaswlitathd a
source of saiij first, MOS transistor thereb¥ splitting the input signal

vol t age 'BBHPlee afspiddapyt NP gayally a60pe egrtessquicy pirssid lppndsel second MOS
transi stor; (ﬁ@{e&ecti ng a differential output stage to said differenti al

out put sTHAY ransIff- i nput stage: providing said differential
anplification of said differential output stage wth a third and a fourth
MOS transi stor; coupling conpensating capacitive neans between the gates of

OB o At oo B R g R B i O 1

output signal, comprising:

providing a differential input stage, having a signal input INP and
-differential output signals;

providing differential amplification in said differential input stage with a
first and a second MOS transistor, where said first MOS transistor receives said signal
input INP;

compeﬁsating a parasitic tail cun'fent source transistor capacitance of said
differential input stage with capacitive means Cp connected across the gate and a
source of said first MOS transistor thereby splitting the input signal voltage equally
across the gate-source of said first and said second MOS transistor;

connecting a differential output stage to said differential output signals of
said input stage;

providing said differential amplification of said differential output stage
with a third and a fourth MOS transistor; |

coupling compensating capacitive means between the gates of one of
said transistors of said differential output stage with the drains of the other transistor of
said output stége;

making the capacitance of said compensating capacitive means'from 5to
10 times larger than the parasitic capacitance from gate-source of said transistors of

said differential output stage to compensate for negative feedback effects;
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maki ng the capacitance of said conpensating capacitive neans from5 to 10
tinmes larger than the parasitic capacitance from gate-source of said
transistors of said differential output stage to conpensate for negative
feedback effects; 23 2 9 SEP 2005 nmaking the transconductance of said
transistors of said differential output stage |larger by a factor ranging
from40 to 100 than the output conductance of the tail current source
transi stor of said differential output stage; and providing fully
differential output signals at the output of said differentiad8&&Pp265
stage ranging in frequency from 100 kHz to | GHz (1 GHz=109 Hertz), with a
magni tude and phagekieg theliranscongdyuetanqec] gaiddiangistors esaidgdiffetentigbpeipthan 0. 015
dB (10 dB=1 Bell) and 0.15 degrees, respectively, when referenced to an
si gnal attagalaer vy atfagtagranging from 40 to 100 than the output conductance of the taif

current source transistor of said differential output stage; and

providing fully differential output signals at the output of said differential output
stage ranging in frequency from 100 kHz to 1 GHz (1 GHz=10° Hertz), with a magnitude
and phase error at said frequency of 1 GHz of no more than 0.015 dB (10 dB=1 Bell)

and 0.15 degrees, respectively, when referenced to an signal at said input INP.
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