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CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

CoBpeMeHHyI0 TIpueMoTiepealoniyo annaparypy L-, S-, C-auama3oHOB cTposIT ¢ IpUMeHeHUEeM KBaapaTypHOl 00pabOTKU CUT-
HaJIOB, pealn3yeMoil Ha OCHOBE MHTETPabHBIX cxeM GopmupoBateneil kBaapatypHbix curtaioB (OPKC). B pabore npencrasien
0030p TUIIOB, METONIOB pacueTa U xapakTepucTuk uHTerpaabHbix @KC, mrpoko mpuMeHsIeMbIX IPU MTOCTPOSHUU CIOXKHO(PYHK-
LIMOHAJIbHBIX OJIOKOB MpUEMOTIepealolInX YCTpoiicTB. [TokazaHa BOZMOXHOCTS yiyulleHus xapakrepuctuk @KC, pazpaboTaHHbIX
Ha ocHoBe Henoporoii SiGe buKMOII texnonoruu. [IpencraBieHbl pe3yasTaTbl pa3paboTKU U MOAETMPOBAHUST XapaKTEPUCTUK
MPUHIUITHATBHBIX CXeM, TOTOJIOTHIA (hopMUpoBaTeseil KBaapaTypHbIX CUTHAJIOB Ha ocHoBe LC-, RC-1ieneii, Tpurrepos auanasoHa
1-4 I'Tu.

Karouesvie crosa: noaughasneiii punomp; popmuposamensv keaopamyphuix cuenanos; SiGe; buKMOII.

Modern L-, S-, and C-band transceivers are built using quadrature signal processing implemented on the basis of quadrature signal
generator (QSQG) integrated circuits. The paper provides an overview of the types, calculation methods and characteristics of integrated
QSG that are widely used in the construction of complex-functional blocks of the transceiver devices, as well as highlights the
opportunity to improve the performance of the QSG developed on the basis of SiGe BICMOS technology. In addition, the report
presents the results of design and simulation characteristics of schematic diagrams, layout of QSG based on LC-, RC-network and
triggers for I-4GHz frequency range.

Keywords: polyphase filter,; quadrature signal generator; SiGe; BiCMOS.

BBEAEHUE

PriHOK GecripoBOIHOM CBSI3U IEMOHCTPUPYET 3HAYUTEIbHBIC TEMITbI
pocTta 3a nocyieaHue aecsiTuietTnst. CoxpaHsieTcsl TEHIASHLM S K YMEHb-
LIEHUIO Pa3MepOB U CTOMMOCTH UCIOJIb3yeMOro 1Jis1 6eClpOBOLHOM
cBsI3u obopynoBaHus. COBpeMEHHYIO TIpueMoriepeaalolyto anmnapa-
Typy L-, S-, C-1nana3oHOB CTPOST C IPUMEHEHUEM KBaapaTypHO
MOMYJISIIIUY, pean3yeMoil Ha OCHOBE MHTErpajbHBIX (hOpMUpOBATE-
JIeit KBaJpaTypHBIX CUTHAJIOB [1-3].

DyHKIMOHATBHBI 0JI0K (hopMUpOBaTEs KBAAPATyPHBIX CUTHA-
JIOB OKa3bIBaeT 3HAUUTEIbHOE BIMSTHUE HA XapaKTePUCTUKU TTPUEMO-
nepenaTyYnkoB. TOYHOCTH GOPMUPOBAHU S KBAAPATYPHBIX CUTHAJIOB
HETIOCPEACTBEHHO CBsI3aHA C BEIMYMHON KOddbuMeHTa noaasie-
HuUs 3epkKaiabHOro kaHaaa (Image Rejection Ratio, IRR). OToT napa-
METDp, B CBOIO OYEpe/b, ONPeAeisieT YyBCTBUTEIbHOCTb MPUEMHUKA.
HenocratouHoe noaaseHue 3epKkajbHOr0 KaHajla BbI3bIBaeT yXYy/LLIe-
Hue Mmoayis BekTopa ominoku (Error Vector Magnitude, EVM) B nipu-
eMHUKe. DTO, B CBOIO OYepe/b, TPUBOIUT K TOBBIIIEHUIO YACTOTHI
nosiBJieHUs omnbouHbix 6uToB (Bit Error Rate, BER). HemanoBax-
HO SIBIISIETCST 3aa4a ob6ecTieueHUsI CTaOMIbHOIN paboThl MHTErpab-
HeiXx @KC B mrmpokoM quamna3zoHe paboynx 4acTOT MPYU COXpaHEHUU
OTHOCUTELHOM MPOCTOTHI CXeMOTEXHUYECKUX PEIICHU I, MaJIOi TIJI0-
aay KpUcTaia.

TpaauuIMOHHO BBIAENSIOT YeThIpe TUTIAa OopMUpOBaTeieil KBaapa-
TypHbIX curHanoB: RC-CR uenu, RC-nonudasubie Guabrpsl (I[TOD),
RLC-kBaaparypHbie puabtpbl (Quadrature All-pass Filter, QAF)
U IeUTENH YABOCHHOM YacTOTHI TeTepoJHa Ha OCHOBE TPUTTEPOB.
MO crpositest Ha ocHOBe KackanuposaHusi 1eneit RC-CR. OgHako
METOABI UX Pa3pabOTKU AJ1s1 KPEMHUEBBIX U KPEeMHUi-repMaHUEeBbIX
TEXHOJOTUYECKU X MPOLIECCOB CYIIECTBEHHO OTIMYAIOTCS. DTO MO3BO-
nsiet BeiaeuTh [1DOD B oTnenbHOE HapaBieHHWe ITPU BBIOOPE CTPYK-
Typel ®KC. B paboTre mpuBeneHbl pe3yabTaThl 0630pa TUTIOB, METO-
OB pacueTa U XxapakTepucTuk nHTerpaibHbix GKC, mmpoko npu-
MEHSIEMBIX TIPU TIOCTPOSHU U TPUEMOTIepeNalonX ycTpoicTB. Llenbio
HacTosIIel paboTsl ABisieTcs: pa3paborka uHTerpaibHbiX OKC nua-
na3oHa 1—4 I'T1 B pamkax 180 Hm SiGe buKMOIT TexHo10rM4eCcKOTO
npouecca. JlaHa oleHKa BO3MOXHOCTH MPUMEHEHU ST pa3pabOTaHHBIX
®KC npu nocrpoennn MUC kBaapaTypHBIX MOAYISTOPOB U IEMOIY-
nsiTopoB L-, S-, C-nuana3oHoOB 4acToT.

HUHTETPAABHBIE RC-IIOANDPA3HBIE ®PUABTPHI
Jlnst pa3meneHust ¢a3bl CUTHaa Ha KBaJpaTypHble KOMITOHEHTHI
BO MHOTHMX NPUJIOKeHUSTX (IQ-MOITYISITOPHI U IEMOIYISITOPHI, FeHEe-

patopsl [Q-cUTHAJIOB, CUCTEMBI TTOABJICHU S 3¢PKaJIbLHOTO KaHama,

KOHTPOJIb MOJISIPU3ALIMY U 1P.) TPUMEHSIOT MHTErpajbHble nmonudas-
Hble GUALTPHI [4—6].

OcHoBoit [1OD seusietrcss RC-CR uens (puc. 1). [Mopsinok [OD
onpenesasieTcss YUCAOM BKJIIOUEHHBIX MOCIEI0BATEIbHO 3BEHbEB
RC-CR.

CxemotexHudyeckn RC-CR 3BeHO siBJsieTcsl KOMOMHaLMel huib-
TPOB HUXXHUX U BepxHUX yacToT. Hemoctatkom RC-CR ®KC sBisi-
eTcs y3Kas Tojioca pabovunx 4acToT.

IMonpoOHBIIT 0030p TUTIOB, METOJIOB pacyeTa U XapaKTePUCTUK Iac-
CUBHBIX MOJIM(Da3HBIX (GUIBTPOB MPUBEIEH B UCTOUHMKAX [7, 8]. ABTO-
paMu MPOBOAMTCS aHAJIM3 BIUSHUS TEXHOJOTUUECKOTO pa3zbpoca
M TTapa3uTHBIX MapaMeTPOB 3JIEMEHTOB Ha XapakTepuctuku [P O.

WUurerpanpabie ®KC 061a1a10T pSAOM TOCTOMHCTB, TAKUX KaK
OTHOCHUTEJIbHAsI TPOCTOTA peaju3alluu, Majas niouiaab TOMOJIOTUH,
CPaBHUTEJbHO BBICOKASI YCTOMYMBOCTb XapaKTePUCTUK K TEXHOJIOTH-
yeckomy pazopocy. OnHako MDD xapakTepusyroTcs 60JIbIIUMUA BHO-
CUMbIMHU TTOTepsiMU (0KoJ10 3 1B Ha cek1mio). L1st KOMIEHCAUMU 3TUX
nmoTepb TpedyeTcsl UCITOJIb30BaTh Oy epHblie ycuaurtenu. boiee Toro,
TEePMUYECKH I TITYyM PEe3UCTOPOB B 3BeHbsIX [IDD oka3bpiBaeT Hera-
THUBHOE BIUsAHME Ha KoadduuueHt myma (K ) npuemHoro tpakra.
BbI60p conmpoTUBIIEHNSI pE3UCTOPOB MEPBOTO 3BEHA B COOTBETCTBUU
C BBIXOIHBIM COTIPOTUBJICHUEM TIPEABINYIIETO KacKazia, a COMPOTUB-
JIEHU ST pe3UCTOPOB MOCJEeAHEro 3BeHa, 6auskue K 50 OM, Mo3BOJST
COXpaHUTb MpuemMemoe 3HaueHue K, [9].
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Puc. 1. Ilpocmeiiuuii PKC na ocnose RC-CR yenu
Fig. 1. Simple QSG based on RC-CR circuit
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Puc. 2. Iloaugpasneie purvmpot muna A (a) u muna b (6)

Fig. 2. PPFsof type A (a) and type B (b)

ITaccuBHBI oMb a3HBII pacienUTe b (ha3bl MOXET OBITH MOJI-
KJIFOUEH K MICTOYHUKY CUTHAaJa IByMs CIOCOOaMU, KOTOPbIE YCIOBHO
Ha30BeM croco0 «A» 1 crtocod «b». Kaxablii u3 HuXx o6jagaetT cCBOMMU
noctonHcTBaMu. [TonkiroueHue moandazHOro paciienmuTeN s CIloco-
O0M «A», TOKa3aHHOE Ha pUC. 2a, TIO3BOJISIET NOOUTHCSI HU3KOTO 3Ha-
yeHUs (Ha30BOil OMMOKM Ha 9acToTax «momaocos» o, = I/R C . IToa-
KJITOUeHUe noauda3zHoro pacienurens cnocobom «b», mokazanHoe
Ha puc. 20, COOTBETCTBEHHO, MO3BOJISAET JOOUTHCA MUHUMAJbHOM
AMIUIMTYAHOM OLIMOKU.

B pa6ore [10] moka3zaHo, 4TO 115 TOJIyYEHU I ITOAABIEHU S 3epKaslb-
Horo kaHaja nopsinka 40 1b B mosoce 1,8 — 6 I'T'1iy HEOGXOTMMO MUHHU-
MyM 4 3BeHa nosudasHoro ¢huibTpa. [laccuBHble noaudasHbie Guab-
TPbI BBICOKMX IMOPSIIKOB BHOCSIT O0JIbLIOE OCTabIeHHE.

CylIiecTBEHHO MEHBIIUM OCJIabJIeHUEeM CHTHajla XapaKTepusy-
10TCsT akTUBHBIE TTosTndasHbie GuapTpsl [11-14]. OnHaKo ¢ MOBbHIIIE-
HUeM KoddduinueHTa mepenayu pe3ko CHUXAETCS CTAaOUIBLHOCTH
B CBSI3U C UCIIOJTb30BaHMEM ycruTeseil. YacToTHBIe XapaKTePUCTUKY

aKTUBHBIX MOJU(pa3HBIX (PUIBTPOB TAKKE OTPpaHUYEHBI BBEIEHHBIMU
B CXEMY YCUJIUTEIbHBIMU KacKagaMu.

B oTnenbHy0 KaTeropuio MOXHO OTHECTU MoJiudasHble GUIBTPBI
c riepecTpanBaeMoit paboueil moaocoit, KOTOpble MHOTAA Ha3bIBAIOT
aKTUBHBIMU, XOTSI OHU He 00ecTieunBaloT ycuieHue curnania. [lepe-
CTPOIiKa MOJIOCH! OCYIIECTBIISIETCS IBYMSI CITOCOOAMU:

* TpUMEHEHHEeM TPaH3UCTOPOB B KaYeCTBE YIPABJISIEMBIX PE3UCTO-
poB;

* TPUMEHEHHEM BapUKaloB B KaUeCTBE yIPaBJIsieMbIX KOHIEHCATO-
poB.

B Ta6.. | npuBeneHsl mapametpsl [IOD, mpeacTaBaeHHBIX B IEPUO-
IMYECKMX U3IaHUSIX U COOPHUKAX MAaTePHUAIOB MEXAYHAPOILHbIX KOH-
depeHuii.

0O0630p UCTOUYHUKOB [7—13] 1103BOJISIET BBIAETUTD PsiJl 0OCOOEHHOCTE
METOIUKHU MTPOCKTUPOBAHU I TacCUBHBIX [1DD:

* TIpenmnovYTUTeNbHee BBIOOp moakiroueHus [1OD K NICTOYHUKY CUT-

Haja cnocobom «A». Koppekiinio Bo3HUKAIOIEt aMITJIUTYIHOM

INTRODUCTION

Recent decades have witnessed a significant
growth of the wireless communication market.
There is a tendency to reduce the size and cost
of the equipment used for wireless communi-
cation. Modern L-, S-, C-bands, transceivers
are constructed using quadrature modulation
based on integral quadrature signal generators
[1-3].

The QSG functional block has a signifi-
cant influence on the transceivers character-
istics. The accuracy of the quadrature signals
formation is directly related to Image Rejec-
tion Ratio (IRR). This parameter, in turn,
determines the sensitivity of the receiver.
Insufficient suppression of the mirror chan-
nel causes a degradation of the Error Vec-
tor Magnitude (EVM) of the receiver. This
leads to an increase of Bit Error Rate (BER).

Among most important tasks is ensuring

stable operation of integral QSG in a wide
range of operating frequencies while main-
taining the relative simplicity of circuitry, and
a small chip area.

Traditionally, four types of quadrature sig-
nal generators are distinguished: RC-CR cir-
cuits, RC-polyphase filters (PPFs), quadrature
all-pass filters (QAFs), and digital quadrature
phase splitters based on triggers. PPF are built
on the basis of cascaded RC-CR circuits. How-
ever, the methods of their designing for Si and
SiGe processes are significantly different.
Thus, the design of the PPF is a separate area
for the development of the QSG.

This paper presents the results of a review
of the types, calculation methods and char-
acteristics of integral QSGs that are widely
used in transceivers. The purpose of this work
is to design integral QSGs of 1-4GHz fre-
quency range within 180nm SiGe BiCMOS

technological process. The possibility of appli-
cation of the designed QSGs in L-, S-, C-band
quadrature modulator and demodulator
MMIC:s has been estimated.

INTEGRAL RC-POLYPHASE
FILTERS

Integral polyphase filters are used for split-
ting the signal phase into quadrature compo-
nents in many applications (IQ modulators
and demodulators, 1Q signal generators, image
rejection systems, polarization control, etc.)
[4—6].

Polyphase filters are based on RC-CR cir-
cuits (Fig. 1). The PPF order is determined
by the number of cascaded RC-CR circuits.

The RC-CR circuit is a combination
of low-pass and high-pass filters. The disad-
vantage of RC-CR QSG is its narrow operating
frequency band.




Tabauua 1. Xapaxkmepucmuxu [1OD
Table 1. PPF characteristics
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Hcrounuk | Source 2] [4] [51 [12] [13] [14]
SiGe
KMOIT BbuKMOIT KMOIT KMOIT BuKMOIT KMOIT
Texnonorus 0,13 Mkm 0,13 MkM 0,13 MKkM 65 HM 0,25 MKM 0,25 MxM
Technology process CMOS SiGe CMOS CMOS BiCMOS CMOS
0.13um BiCMOS 0.13um 65nm 0.25um 0.25um
0.13um
Tun Ilepectp. TTaccuBHBII Ilepectp. Ilepectp. AKTUBHBII AKTHUBHBIM
Type Adjust. Passive Adjust. Adjust. Active Active
KonuuectBo 3BeHbEB
Number of stages 5 & “ Z 2 4
Auanason paGogux sactor (Af), [T 2,47-2,83 0,4-6 228 1-5 0,01-0,09 | 0,06-0,03
Frequency range (Af), GHz
®da3zoBas ommodKa (Ad), Tpa.
Phase error (A¢), degrees <l E o <3 - B
AmruutynHas ommoka (AS21), nb . 0.01 . <02 . .
Amplitude error (AS21), dB ? >
IMonasnenue 3epkaibHoro kanaia (IRR), nb .
Image rejection ratio (IRR), dB 70 72 = 50 i
ONTUOKM TpeIaraeTcsl OCYIECTBISITh YCUIUTEISIMU-OTPAHUU M-
rensmu (YO); c1
* MPEAMOYTUTETIbHBIM SIBISICTCS pa3ie/ieHue «IOJI0COB» MHOTO- ins g £ rER - n
3BeHHBIX [IDD; . 4
* ONTUMaJIbHOE PACCTOSTHUE MEXY MOTI0CaMU ONpenessieTcsl OTHO- L1 =2
CUTEJIbHOI MOJ0COi pabovyrX 4YacToT; " L]
* TPEeATOYTUTEIbHBIM SIBJISIETCS COOMIOACHUE PAaBEHCTBA EMKOCTei . o
B cekuus [TOD; 2 O
* BEJMYUHA CONPOTUBJICHUS PE3UCTOPOB BHIUUCISIETCS UCXOMLS L2 e "
W3 COMPOTUBIECHUN MCTOUYHMKA cuUTHajsa u Harpysku OKC . RZ
¥ TOJIXKHA PACTH OT Kackaa K Kackanuy; 2 » ¥
= ¥ o - - o | I8

* HeoOXomMMoe M TocTaTouHoe yucio cekiuii [IOD omnpeneasdaeTcsd

Tpebyemoii BennunHoit IRR 1 pazdpocom TexHonmornuyeckux rnapa-

MeTpoB asieMeHTOB PKC;

A detailed review of types, calculation
methods and characteristics of passive poly-
phase filters is given in the sources [7, §].
The authors analyze the influence of techno-
logical process mismatch and parasitic param-
eters of elements on the characteristics of the
PPF.

Integral microwave PPFs have a number
of advantages such as relative ease of imple-
mentation, a small area of topology, relatively
high resistance of characteristics to techno-
logical mismatch. However, they are char-
acterized by large insertion loss (around 3dB
per stage). Buffer amplifiers are used to com-
pensate for these losses. Moreover, the ther-
mal noise of the resistors in the PPF stages
has a negative effect on the noise figure (NF)
of the receiver. The choice of the resistance
of the first stage resistors in accordance with
output resistance of the previous stage, and

Puc. 3. [lpunyunuanvhas cxema keadpamyprozo RLC-gurvmpa

Fig. 3. Schematic diagram of the quadrature RLC filter

the resistance of the last stage resistors close
to 500hms will allow getting an acceptable
value of NF [9].

A passive polyphase phase filter can be con-
nected to the signal source in two ways, which
conditionally we call “Type A” and “Type
B” connection. Each of them has its own
advantages. Connecting the polyphase filter
by “Type A” method shown in Fig. 2 (a) allows
achieving a low phase error at the “pole” fre-
quencies o, = 1/R C,. Fig. 2 (b) shows the
connection of a polyphase filter by “Type B”
method that, respectively, allows achieving
a low amplitude error.

It was shown in [10] that a minimum
of 4 stages of a polyphase filter are required
to obtain a suppression of the mirror chan-
nel of 40dB in the 1.8 to 6GHz band. Passive
high-order polyphase filters have high inser-
tion loss.

Active polyphase filters are characterized
by significantly lower signal attenuation [11—
14]. However, with the increase in the trans-
fer ratio, the stability is reduced due to the use
of buffer amplifiers. The frequency character-
istics of active polyphase filters are also limited
by these amplifiers.

Polyphase filters with adjustable charac-
teristics are included in a separate category.
Adjustable PPFs are also called active, but they
do not provide amplification of the signal. Fre-
quency range tuning is carried out in two ways:
+ using transistors as controlled resistors;
» using varicaps as controlled capacitors.

Table 1 presents parameters of the PPFs
presented in periodicals and materials of the
international conferences.

A review of the sources [7—13] makes it pos-
sible to determine a number of features of the

design methodology for passive PPFs:
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* TIpU HEOOXOMUMOCTH yBEJIUUYUTD BETUINHY TIOJABJICHU ST 36 PKaTb- ala
HOTO KaHaJja KOppeKTUPoBKY dazosoit ommnoku GKC Bo3MoxHO

[
IIPOU3BOAUTD JOIMOJTHUTEIBbHBIM YITPABJISAEMbIM (I)aBOBpaIIIaTCJICM. ‘

NHTETPAABHBIE RLC-KBAAPATYPHBIE ®UABTPBI
B nHTerpasbHOM UCTIOTHEHU U, OCOOCHHO /151 MaJIOCUTHAJIbHBIX MTPHU- —1 3
JIOKEHM A, HAXOMSIT MPUMEHEHME KBaapaTypHble (DUIIBTPbI HA OCHOBE
RLC-uenouex [15, 16]. IpunuunuanbHas cxema RLC-duinbrpa npu- wE

BejJeHa Ha puc. 3.

TpoexTupoBaHue kBanpatypHbix RLC-hunbrpos obianaeT psjiom

oco0eHHocCTei:

* NOOPOTHOCTH LieNMU BBIOMpawT paBHOU | (Q= JL/C/R =1).
[Tpu aToM KoahdureHT nepenadu 1Mo HampsIKeHU 1o Ha IEHTPab-

Hoit yacToTe ®, =4/I/LC pasen 3 1b;

¢ IMIMUPpUHA ITOJOCHI pa60q1/1x YaCTOT ONMPEACTIACTCA HO6pOTHOCTbIO I

MHTETPaJbHbIX KaTylleK UHAYKTUBHOCTU. HuU3konoOpoTHbIE

karywmku Si KMOII texHooruit o6ecrneynBaioT LUPOKYIO MOJ0CY

pa6ouux yacror KC;

* BXOJHOE CONpOoTHUBJeHUE ciaenytolero 3a RLC-dbunbrpom Kackaaa
OKa3bIBaCT CUJIbHOE BJIMSTHUE Ha €ro XapaKTepUCTUKU. Bpicokoe
BXOIHOE COMMPOTUBIICHUE 00eCIIeYnBaeT IYUIINe XapaKTePUCTHKU.

Tabauya 2. Xapakmepucmukxu mpueeepivix PKC

Table 2. Trigger QSG characteristics

Hcrounuk | Source
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means gpaszvl Ha D-mpueeepax (a) u epemennble duazpammol ee pabomut (0)
Fig. 4. Functional diagram of the digital quadrature phase splitter based
on D-flip-flops (a) and time diagrams of its operation (b)

[18] [19]

TexHonorus KMOII 65 am InPTBT 0,13 Mmkm KMOIT 0,13 mxm SiGe BuKMOII 0,35 MKkM
Technology process CMOS 65nm InP HBT 0.13um CMOS 0.13um SiGe BICMOS 0.35um
JuanazoH pabouunx yactot (Af), I'Tix L L » .

Frequency rangel(AD), GHz 0,5-9,5 0,05-26 0,7-2,56 0,8-5,2
®DazoBas ommbdka (Ad), rpa.

Phase error (A¢), degrees - - L= <
AmruntynHas omoka (AS21), nb

Amplitude error (AS21), dB 1.3 B (30301 o
TTonasnenue 3epkanbHoro kaHaia (IRR), nb . >61.8 - .

Image rejection ratio (IRR), dB ?

it is preferable to select the “Type A” connec-
tion of the PPF to the signal source. The cor-
rection of the resulting amplitude error should
be carried out by amplifier-limiters (AL);

» the separation of the “poles” of multi-stage
PPFs is preferable;

» the optimal distance between the “poles”
is determined by the relative bandwidth
of the PPF;

» equal capacities in the PPF stages are pref-
erable;

» the resistance of the resistors is calculated
basing on the impedances of the signal
source and the load of the QSG, and it must
grow from stage to stage;

* the necessary and sufficient number
of stages of the PPF is determined by the
required value of the IRR and the mis-
match of the technological process;

« the phase error correction can be made
by an additional controlled phase shifter.

INTEGRAL QUADRATURE RLC

FILTERS

In the integral version, especially for small-

signal applications, quadrature filters based

on RLC-circuitry are used [15, 16]. Fig. 3 shows

a schematic diagram of the RLC filter.

The design of quadrature RLC filters has

a number of features:

* Quality factor of the circuit must be close
tol (Q:\/LT/R=I ). In this case, trans-
mission ratio of the circuit for the voltage
at the central frequency o, = W equals
3dB;

« the RLC filter bandwidth is determined
by the quality factor of the integral induc-
tance coils. Low-Q Si CMOS technology

process coils provide a wide range of oper-

ating frequencies;

« the input impedance of the following cas-
cade has a strong influence on RLC filter
characteristics. High input impedance pro-
vides better performance.

In case of a capacitive load of RLC-quadra-
ture filters, it is possible to correct the ampli-
tude and phase errors by setting correcting
resistors of the same value in series with the
inductance coils and capacitors [16].

DIGITAL QUADRATURE PHASE
SPLITTERS

Digital quadrature phase splitters based
on D-type flip-flops are widely used in quadra-
ture modulator and demodulator MMICs [17—
19]. Fig. 4 shows functional diagram of the trigger

QSG (a) and time diagrams of its operation (b).




B cnyuae emkocTHOI Harpy3ku RLC- W I ¥
KBaApaTypHBIX GUIBTPOB BO3MOXKHO OCY- Ll el
HIECTBIASTh KOPPEKIIMIO aMIJIUTYIHOMI
1 Ga30BoOil OMIMOOK MPU MOMOIIM BBeIE-

HUSA B LENb OCIEA0BATEIbHO C KATYIIKAMU e ":‘
MHAYKTUBHOCTH M KOH/IEHCATOPaMK KOPpPEeK-
TUPYIOLUIUX PE3UCTOPOB OIMHAKOBOTO HOMU- b
Haua [16]. ELE B

CLE = =
OUPPOBBIE KBAAPATYPHBIE i 3

PACHIEIIUTEAU ®PA3bI L
B MUC kBanpaTypHBIX MOAYJSITOPOB

U IEMOIYJNSATOPOB MINUPOKO TPUMEHS- TR
10TCs UN(POBBIEe KBAIPAaTypHbIE pacIlenu-
Tenu (as3bl Ha ocHoBe D-Tpurrepos [17— QN -
19]. ®ynkuunoHanibHas cXeMa TPUTTEPHOTO
®KC, a Takke BpeMeHHbIE TUaTPaMMbI €r0o
paboThl MpuBeaeHbl Ha puc. 4a u (0) cooT-
BETCTBEHHO.

CxeMa mpencTtaBisieT cob60il KOMOMHALIMIO OBYX OeJdUTeei
yacTOoThl. B Ta6i1. 2 mpuBeneHbl mapameTpsl Tpurrepubix ®KC, mpem-
CTaBJICHHBIX B MEPUOAUYECKHMX U3TAHUSIX U COOPHUKAX MAaTepUaIOB
MeXIYHapOTHBIX KOH(DEepEeHIIHIA.

CienyeT OTMETHTH, YTO BeJTudnHa Ha3oBoii omubku B [19] momy-
YeHa TMocJie KOPPeKIUU MoaudazHbIM GUIBTPOM MEPBOTO MOPSIKA.
Pasbananc da3bl 6e3 KOppeKIIUU COCTaBIsgeT 3—4 Tpanyca B Auama-
30He 0,8—5,2 I'T'1r.

AS21, mob | mdB
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— MdD 2 kackapga
PPF 2 stages
— QAF

f, MMy | GHz

Puc. 6. 3asucumocmos omHocumenbHoOlU aMnAUMYOHOU OWUOKU OM YACMOMbl
Fig. 6. Dependence of the relative amplitude error on frequency
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Fig. 8. Dependence of the IRR from frequency

CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

® ® P ow oW -
Cla Eida
P ]
W [ i W
Vil
. " " i =i n
. - .- i i
I ar W = ® NTH r
® om iw . . w
. . =
= & . - - -
cs cr . ®a
Vils " VTR .
ow w " s lw T L
- "
WTT : - : Vil | NTHY
u om = ] w| = nl
. » H H
nl ] ¥ #
L e nr Rl
u " "
®
K ® - .. "

Puc. 5. llpunyunuanvhas cxema D-mpueeepa na no2uke ¢ nepekar4eHuem moka
Fig. 5. Schematic diagram of the current-mode logic latch

TMpeumyniectBoM Tpurrepubix ®KC sBisieTcss BOSMOXHOCTb
JIOCTUYb BBICOKOTO YPOBHS COIJIACOBAHUS B IIIMPOKOM JMara3oHe
yactor [10].

Ha puc. 5 npuBeneHa npuHuunuaibHas cxema D-tpurrepa
Ha JIOTHKe ¢ nepekyoueHrneM Toka (Current-mode logic latch B 3apy-
OeXHBbIX UCTOYHUKAX), pazpaboTaHHoro Ha ocHoBe 0,18 MxM SiGe
BuKMOII TexHoMI0rn4ecKoro mpoiecca.

Ao, rpag, | degrees

" — MNdd 1 kackag,
" PPF 1 stage
S — NdD 2 kackaga
“"ﬂ-h\‘q_Lh PPF 2 stages
N, e — QAF
N o
Ty '\.
e — ""'\.,\__ — ™
S —
w i
—\-\.__\_.
f, My | GHz

Puc. 7. 3asucumocms omHocumenbHoll (pazoeoli OWUOKY 0m 4acmomeol
Fig. 7. Dependence of the relative phase error on frequency

S21, 46 | dB

; — Mod 1 kackag, | PPF 1 stage
— Mdd 2 kackana | PPF 2 stages
— QAF

f, Ty, | GHz

Puc. 9. 3asucumocmo kodsgpuyuenma nepedauu pazauunvix munog PKC
om uacmomol

Fig. 9. Dependence of the transfer ratio on frequency
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f, Iy | GHz

; — Ndd 1 kackag | PPF 1 stage

— M 2 kackaga | PPF 2 stages
' —— QAF
T
s B
‘ e e —

S11,45 | dB

Puc. 10. 3asucumocmo 8036pammsix HOMepb N0 6xX00y PA3NUYHbIX MUNOE
DKC om yacmomol

Fig. 10. Dependence of input return losses on frequency
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Puc. 12. 3asucumocmov omuocumenbHoil pazoeoil ouubKy om 4acmomol
Fig. 12. Dependence of the relative phase error on frequency

S21, 0B | dB

— N 4 kackana | PPF 4 stages
—— TpwurrepHbiii ®KC | Trigger QSG

f, Ty | GHz

Puc. 14. 3asucumocmo S21 om wacmomoi
Fig. 14. Dependence of the transfer ratio on frequency

B TakoMm Tpurrepe mpoTekaeT MOCTOSHHBIM TOK. DTO 00ycIaBiIu-
BaeT HU3KM 1 ypPOBEHb BEIOPOCOB TOKA, KOTOPBIE MPU OOJIBIIOI CKOPO-
CTH MEePEKITI0UEHU I MOTYT PACTIPOCTPAHSTHCS K IPYTUM Yy BCTBUTE b-
HBIM 2JIEMEHTaM CXEMBbI.

Il yMeHblIeHU s pa3baiaHca aMIiuTya Ha Beixogax @KC mpume-
HSIOTCSl YCUJIMTEU-0rpaHuunTeNn. YO TakKe BbIMOJHSIET (PYyHKIIUIO
oydepHoro ycunurelns, obecreunBaeT coriacoBanue Boixoga KC
C MOCJeNYIOUIUM KacKaaoM.

TorpemHocth cnpura dasbl B purrepaoM MK C 3aBucUT OT KO3 -
¢uiMeHTa 3aN0JIHEH U] CUTHAJA, KOTOPBII JOJIXKEH ObITh CTPOTrO paBeH
50 %. JTroOble OTKJIOHEHU I OT 3TOl BEMYMHBI IPUBOIST K (pa30BOMY

AS21, maB | mdB

— MNdd 4 kackapa | PPF 4 stages
e —— TpurrepHbin PKC | Trigger QSG

f, Ty | GHz

Puc. 11. 3asucumocms omuocumenvuoi amnaumyoroil owuoKy om 4a-
cmomut

Fig. 11. Dependence of the relative amplitude error on frequency
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— MNdd 4 kackapa | PPF 4 stages
—— TpurrepHbii ®KC | Trigger QSG
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Puc. 13. 3asucumocmo IRR om uacmomut
Fig. 13. Dependence of the IRR on frequency
f, Ty | GHz

— N®d® 4 kackana | PPF 4 stages
—— TpurrepHbiit ®KC | Trigger QSG

S11,45 | dB

Puc. 15. 3asucumocmo S11 om wacmomeo:
Fig. 15. Dependence of input return losses on frequency

pazbanancy Ha Beixoge ®KC. Bo3MOXHO 0OCYIIECTBISTH KOPPEKIIUIO
dazoBoii omnoku TpurrepHbix ®KC npu momoru ucnonb3oBanus YO
Ha BXOJIE CXEMBI.

TpurrepHble cXeMbl YyBCTBUTEAbHBl K Ka4Ye€CTBY TOIMOJOTHUM.
JITMHBI TPOBOAHUKOB, IO KOTOPBIM MPOTEKAET CUTHAJ FeTepoaAnHa,
JIOJIKHBI ObITH ¢cTporo paBHbI [10]. HeBbINOIHEHME TaHHOTO YCIOBU S
MPUBOIUT K U3SMEHEHUIO CKBa’KHOCTU U, COOTBETCTBEHHO, MOsIBJIE-
HUo (a30Boii omnOKU. CyllecCTBEHHBIM HEAOCTATKOM TPUTITEPHBIX
CXeM, OrpaHUYMBAIOIINX BO3MOXHOCTh UX IPUMEHEHUSI, SIBJISCTCS

HEO0O0XOAMMOCTb UCIIOJb30BAHUS BXOJHOIO CUTHAJa ¢ YIBOCHHOM
paboueit 4acToTOI.
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Table 3. Characteristics of the designed quadrature signal generators

CBY UHTETPAABHBIE CXEMBI 1 MOAYAH

IIPD 2 kackana  RLC-duabtp I1PD 4 kackana Tpugﬁl():}mﬁ
2 stages PPF RLC-filter 4 stages PPF . :
: : Trigger QSG

Junama3on pabouunx yactot (Af), I'Tix . . 5 . .
Frequency range (Af), GHz ZlL s Lt - =
BosBpatHblie motepu mo Bxomy (S11), 1b
Input return losses (S11), dB S o=k <=b SRS T
Koadduiment nepenaum (S21), nb N . . _ .
T o (5 Gl 9 11 2-2.9 14,75...—13,25 12
AwmrututynHast omoka (AS21), nb
Amplitude error (AS21), dB <0,02 <0,01 <0,48 <0,02 <0,3
®dazoBas omubKa (Ad), Tpa.
Phase error (A¢), degrees <8 <l <0,02
TTonasnenue 3epkanbHoro kaHaia (IRR), nb
Image rejection ratio (IRR), dB w2l = S sl -
e 0,01 0,02 0,19 0,08 0,02
Chip area (S,,), mm’ > ? ? ’ ?
Texnonorns 0,18 My SiGe BuKMOTI | 0.18um SiGe BICMOS
Technology process

PE3YABTATBI MOAEANPOBAHMNA

Ha ocnoBe 6ut6aunoreku aaemeHToB 0,18 Mmkm SiGe buKMOII Tex-
HOJIOTMYECKOro Mpoliecca OblIn pa3padboTaHbl moaudasHbie GUIb-
Tphl 1, 2 1 4 nopsakoB, kBaapatrypHblit RLC-duabTp, TpurrepHbiii
®OKC. JIns olleHKM BO3MOXHOCTU IMPUMEHEHU S pa3dpaboTaHHBIX
®OKC B MUC kBampaTypHBIX MOIYJISITOPOB U IEMOAYISTOPOB L-, S-,
C-1u1arna3oHOB YacTOT ITPOBEIEHO MOJIETMPOBAHUE UX XapaKTEPUCTUK
C y4eTOM TEMTIePaTypPHOTIO ¥ TeXHOJIOTMYECKOTo pa3dopoca.

The circuit is a combination of two fre-
quency dividers. Table 2 shows the parameters
of the trigger QSGs presented in periodicals
and materials of international conferences.

It should be noted that the phase error
in [19] was obtained upon correction by a first-
order polyphase filter. Phase imbalance with-
out correction is 3—4 degrees in the frequency
range of 0.8—5.2GHz.

The advantage of trigger QSG is the oppor-
tunity to achieve a high level of matching
in a wide frequency range [10].

Fig. 5 shows a schematic diagram of cur-
rent-mode logic latch developed on the basis
of 0.18um SiGe BiCMOS process.

Direct current flows in such D-type flip-
flop. This causes a low level of current emis-
sions, which at a high switching speed can
propagate to other sensitive elements of the
circuit.

Amplifier-limiters are used to reduce the
imbalance of the amplitudes at the outputs
of the QSG. The AL also serves as a buffer
amplifier, making sure that the output of the
QSG matches a subsequent cascade.

The phase error in the trigger QSG depends
on the duty cycle of the signal, which must
be strictly equal to 50 %. Any deviation from
this value results in a phase imbalance at the
output of the QSG. It is possible to correct the
phase error of the trigger phase splitter by using
the AL at the input of the circuit.

Trigger circuits are sensitive to the qual-
ity of topology. The lengths of the conduc-
tors through which the LO signal flows must
be strictly equal [10]. Failure to comply with
this condition leads to a change in the duty
cycle and, accordingly, to the appearance
of a phase error. A significant drawback of trig-

ger circuits, limiting the possibility of their use,

(unbTpa OT YaCTOTHI.

Ha puc. 6—7 npeacraBiieHbl 33aBUCUMOCTU OTHOCUTEIbHOI aM TN~
TyAHO’ 1 ($Ha30BOi OIIMOOK BHIXOAHBIX curHanoB [TDD | nopsiaka,
TPD 2 nopsinka u RLC-buabTpa oT 4acTOTHI.

Ha puc. 8 mpenacraBieHa 3aBUCUMOCTb KO3 dUIIMeHTa TToaaBie-
HUS 3¢pKaJbHOTO KaHaja Mpyu UCITOIb30BaHUU JUTST (hOPMUPOBAHM S
kBanpaTypHbix curHayioB [1O® | nopsiaka, [TOD 2 nopsaka, RLC-

is the need to use an input signal with twice the
operating frequency.

SIMULATION RESULTS

One, two and four stages polyphase filters,
RLC-quadrature filter and trigger QSG on the
basis of the 0.18um SiGe BiCMOS technol-
ogy process have been developed. To evaluate
the possibility of using designed QSG in L-,
S-, and C-band quadrature modulators and
demodulators MMICs, their characteristics
have been modeled taking into account tem-
perature and technological mismatch.

Figs 6—7 show dependences of output sig-
nals relative amplitude and phase errors of the
Ist and 2nd stages of PPFs and RLC-filter
on frequency.

Fig. 8 shows the dependence of image rejec-
tion ratio when applying 1 and 2 stages PPFs
and RLC-filter on frequency.
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Ha puc. 9 npencrasieHa 3aBUCUMOCTh KOG PUIIMeHTa Tiepenadu
O [ nopsiaka, [IOD 2 nopsaka, RLC-buabTpa oT 4acTOTHI.

Ha puc. 10 mpencraBieHa 3aBUCUMOCTbH BO3BPAaTHBIX MOTEPH
no Bxony IAOD® | nopsanka, [MOD 2 nopsaaka, RLC-punbrpa
OT YaCTOTHI.

Ha puc. 11-12 npencraBjieHbl 3aBUCUMOCTU OTHOCUTEJIbHOM
aMIJIUTYIHON U (a30BOil OMIMOOK BHIXOAHBIX curHalioB [TOD 4
nopsinka, rpurrepHoro @KC ot 4acToThI.

Ha puc. 13 npeacrasieHa 3aBUCUMOCTb Ko3hbUIIMEHTa TOJaBJICHU S
3epKaJbHOTO KaHaJia IPH MCITOJIb30BaHU U JJTs1 HOPMUPOBAHMS KBaapa-
TypHBIX cuTHaIOB [1O®D 4 opsinka, Tpurreproro ®KC ot yacToThI.

Ha puc. 14 mpencraBieHa 3aBUCUMOCTb KOG DUIIMEHTa ITepeaadn
MDD 4 nopsaaka, TpurrepHoro ®KC ot yacToThI.

Ha puc. 15 nmpencraBieHa 3aBUCUMOCTh BO3BPATHBIX MOTEPH
o Bxony [NDOD 4 nopsinka, tpurreproro GKC oT 4acToTHI.

[lonyuyeHHble B pe3yabTaTe MOACIUPOBAHUS MapaMeTPbl UHTE-
rpaiabHbix @KC npencraBieHsbl B TabII. 3.

Haunydimumu xapaktepucTukaMu cpeau pazpaboraHnHbix @KC
obsanaet uudpoBoii pacmenutesb paszpl. Ero mapameTpsl Takxke
MOoKa3aJiv JIyYlylo YCTOHYMBOCTb K TEMIEPATYPHOMY U TEXHOJIOIU-
yeckoMy pasopocy. [TepcriekTuBHbBIM it ipuMeHeHuss B MUC CBY
KBaaApaTypHBIX MOAYJISITOPOB U AeMOAYJISTOPOB siByisieTcst [1DD 4
nopsiaka. Llexecoobpa3HbIM SIBJISIETCS TPUMEHEHUE KOPPEKTUPYIO-
1ero ynpasisieMoro dha3oBpalaTess IJIsl TOBBIIIEHU ST BEJIUYMHBI
koaddunreHTa nmogaBieHs 3epKaJbHOrO KaHaja J0 3HAYeHUH,
COMOCTaBUMBIX C aHAJIOTUYHBIM TTapaMeTpoMm TpurrepHoro @KC.

3AKAIOUEHUME
B paGote npencraBieH 0030p TUIIOB, METOIOB U OCOOEHHOCTEH Mpo-
ektupoBanusi CBY nnterpanbubix @KC, mupoko mpuMeHsIEMbIX TTPU
noctpoeHun MUC npuemonepenawmux Moayiei. IpeacraBiieHbl
pe3yabTaThl pa3paboTKU U MOAEIMPOBAaHUSI TapaMeTpoB (hopMUpoBaTe-
JIeii KBaApaTypHBIX cuTHaJoB nuarna3ona 1—4 I'T'i Ha ocHoBe SiGe buK-
MOIT texHosiornu. BeInoJIHEH CpaBHUTEIbHbII aHATU3 UX XapaKTepu-
CTHUK C XapaKTepUCTUKAMM OJIVKAUIIMX M3BECTHBIX IIPOTOTUTIOB. [Toka-
3aHa BO3MOXXHOCTH KOPPEKIINY MapaMeTpoB, pa3padotaHHbIx DKC.
ABTODBI CUUTAIOT, YTO B JAHHOI paboTe HOBBIMU SIBISIIOTCS Clie-
OYIOIIKE TIOJIOXKEHU ST M Pe3YIbTaThl: YIAJIOCh IO PSAAY TeXHUIECKUX
XapaKTepUCTUK MPEB30ITH U3BeCTHBIE OMuxKaiiue mporotunsl CBY
uHTerpasbHbix @KC, pazpaboTaHHbIe paHee B paMKaxX KPEMHUEBBIX
TEXHOJIOTUYECKUX MPOLECCOB.
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Fig. 9 shows the dependence of transfer
ratio of 1 and 2 stages PPFs and RLC-filter
on frequency.

Fig. 10 shows the dependence of input
return losses of 1 and 2 stages PPFs and RLC-
filter on frequency.

Figs 11—12 show the dependences of output
signals relative amplitude and phase errors of 4
stages PPF and trigger QSG on frequency.

Fig. 13 shows the dependence of image
rejection ratio on frequency when applying 4
stages PPF and trigger QSG.

Fig. 14 shows the dependence of trans-
fer ratio of the 4 stages PPF and trigger QSG
on frequency.

Fig 15 shows the dependence of input return
losses of 4 stages PPF and trigger QSG on fre-
quency.

Table 3 presents the resulting parameters
of integral quadrature signal generators.

Digital phase splitter has best charac-
teristics among the designed QSG. Besides,
its parameters have shown better resistance
to temperature and technological process mis-
match. Using 4 stages PPF in quadrature mod-
ulator and demodulator MMICs is most prom-
ising. It is advisable to use controlled phase
shifter in order to correct phase imbalance and
respectively increase the value of the image
rejection ratio to values comparable to the trig-
ger QSG.

CONCLUSION

An overview of the types, methods and design
features of microwave integral QSG that are
widely used in the design of MMICs for trans-
ceiver modules has been presented, as well
as design and simulation results of I-4GHz
quadrature signal generators based on SiGe
BiCMOS technology. A comparative analysis
of their characteristics with those of the near-
est known prototypes has been performed and
the possibility of QSG parameters correction
has been shown.

The authors believe that the following terms
and results in this study are novel: we have suc-
ceeded in surpassing by a range of technical
characteristics the closest prototypes of the
QSG developed earlier in Si technology pro-
cesses.
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