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The invention relates to a downconversion system used in low intermediate frequency
(IF) receivers, and more particularly to a downconversion system for low IF receivers
with a high image rejection ratio (IRR) of more than 60dB for use in analog integrated

10 cireuits (IC).

2. Description of the Related Art
With the rapid development of wireless communication and IC design technology,
wireless transceiver system design and implementation has experienced great
15 evolutions. A very high degree of integration, a low power consuﬁption, and the use of
a lower power supply are the goals set for the new development in wireless transceiver
design. Although classically the heterodyne multistage intermediate frequency (IF)
receiver has good performance in sensitivity and selectivity, it needs a high Q image
rejection filter working in high frequency, see J. Crols and M. Steyaert, CMOS Wireless
20  Transceiver Design, Kluwer Academic Publishers, 1997 and B. Razavi, RF
Microelectronics, NJ. Prentice Hall, 1998_. This component has to be external and

power consumed. A Zero-IF receiver can be fully integrated and has no problem in



| I MEO1-010 inmage rejection, but it has sonme di sadvantages such as
DC of fset, 1/Q m snmatch and cross nodul ati on between RF and LO
signal, see T. H Lee, The Design of CMOS Radi o-Frequency Integrated
Crcuits, UK : Canbridge Univ. Press, 1998, the J. Crols and the B.
Razavi articles referred to earlier. A promsing architecture is a

| ow Ilmr ﬁ@l ver, which can be fully integrated by enploying sone
new t "@ s for inmage rejection, see the J. Crols article
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integrated receivers," |EEE Transactions on Circuits and Systens-1/:
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1998. The main problemof the low IF receiver is it is not easy to
at t airejechen hiephthendderols ajtield icdderrad thetHies. architecture, i.e. to
separate well the desired RF signal fromthe inage signal, see the
J. Cols and M Steyaert, CMOS Wrel ess Transcei ver Design and 20 B.
Razavi articles referred to earlier. It is well known the frequency

spachHi [B& #628eiver combines the advantage of both the IF and zero IF receiver. It can
achieve the good performance as well as a high degree of integration, see the
10 Crols article referred to earlier, and
J. Craols and M. Steyaert, “A single-chip 900MHz CMOS receiver front-end with a high
performance !O\.N-]F topology,” IEEE Journal of Solid State Circuits, vol. 30,
no.12, pp. 1483-1492, 1995, and
J. Crols and M. Steyaert, “Low-IF Topologies for high performance analog front ends of
15 fully integrated receivers,” IEEE Transactions on Circuits and Systems-ll: Analog
and Digital Signal Proeessing, vol. 45, no. 3, pp.269-282, 1998.
The main problem of the low IF receiver is it is not easy to attain the high image
rejection with this architecture, i.e. to separate well the desired RF signal from the
image signal, see the J. Crols and M. Steyaert, CMOS Wireless Transceiver Design and
20  B. Razaviarticles referred to earlier. It is well known the frequency spacing between
the desired RF signal and the image signal is two times the selected IF value. In the

low IF receiver architecture, the selected IF is low and thus the frequency spacing



the desired RF signal and the imge signal is two tines the selected
IF value. Inthe lowlF receiver architecture, the selected IF is

| ow and thus the frequency spacing 2 | MEO1-010 between the desired
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band, respectively. A conplex filter has only a positive or negative

freqigigy passband transfer function (selectivity) (with or -.3J,,,

as its central frequency) and thus can be

10 Generally speaking, there are two methods for image rejection in a low IF receiver. One
is to follow the quadrature mixers with a complex filter or a polyphase filter, see the J.
Crols and M. Steyaert, CMOS Wireless Transceiver Design article referred to earlier,
and F. Behbahani et al., “A 2.4 GHz low-IF receiver for wideband WLAN in 0.6um

" CMOS-architecture and front-end,” IEEE Journal of Stafe Circuits, vol. 35, no. 12, pp.

15 1908-1915, 2000. After downconversion by the quadrature mixers, the RF signal and
the image signal will be shifted into the symmetrical positive and negative IF band,
respectively. A complex filter has only a positive or negative frequency passband
transfer function (selectivity) (with + 7, or - £, as its central frequency) and thus can be
used to pass the desired IF signal and reject the image IF signal at the same time, see

20 the three articles referred to earlier:

. J. Crols and M. Steyaert, "CMOS Wireless Transceiver Design”,

L



used to pass the desired IF signal and reject the inage |IF signal at
the sane time, see 20 the three articles referred to earlier: J.
Cross and M Steyaert, "CMOS Wrel ess Transceiver Design", 3
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Steyaert, "CMOS Wrel ess Transceiver Design", B. Razavi, and Crol s

and Mhixer for image rejection. The Hartley architecture and Weaver architecture are two
Kinds of typical image rejection mixers, see the B. Razavi article referred to earlier, The

10 idea of image rejection mixers is to process the signal and the image differently, and
cancel the image by its negated replica. This distinction between the signal and the

image is possible because the two lie on different sides of LO frequency, and thus

phase transformation can be explored to cancel the image signal only.

15 Unfortunately, the image rejection ratio (IRR) provided by either of the above metﬁods is
very sensitive to I/Q mismatch of a low IF receiver, as discussed in the J. Crols and M.
Steyaert, “CMOS Wireless Transceiver Design”, B. Razavi, and J. Crols and M.
Steyaert, “A single-chip 800MHz CMOS receiver front-end with a high performance low-
IF topology,” articles referred to earlier. The ideal image rejection only happens in the

20  case that the phases of I/Q local oscillator (LO) signals keep exact 90" difference and

the gains of I/Q mixers are exactly equivalent. However, it is impossible to attain this

perfect matching in current analog {C design process. The phase mismatch between



Steyaert, "A single-chip 900MHz CMOS receiver front-end with a high
performance low |F topology," articles referred to earlier. The
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pp. 1029-1040,_ 2001.
mismatch of mixers, IRR goes down to 38dB. With 2° phase mismatch of Los and 2%

10 gain mismaich of mixers, IRR goes down to 32dB. Due to this reason, the currently
implemented low IF receivers only can attain 30-40dB image rejection ratio except
adopting some complex trimming and tuning techniques, see C. C. Chun and C. H.
Chia, "On the architecture and performance of a hybrid image rejection receiver,” IEEE
Journal on Seclected Areas in Communications, vol. 19, no. 6, pp. 1029-1040, 2001.

15 So how much image rejection is adequate? In most RF applications and by using the
low IF architecture, the image signal ca_n- be 60dB larger than the desired RF signal so
that the overall IRR must be around 60 to 70dB, see the B. Razavi article referred to

earlier. The matching requirements have put a big challenge to this topology.

20 Inthe literature, several methods have been proposed to improve the IRR of low IF
receivers. One is to convert the low IF signal into the baseband signal by employing

bandpass delta-sigma modulator, then I/Q mismatch can be cancelled and
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10 and complexity of this kind of method is also significantly increased due to the using of
DSP. An interesting double quadrature mixer plus complex filter architecture is
proposed in the J. Crols and M. Steyaert, “A single-chip 900MHz CMOS receiver front-
end with a high performance low-IF topology,” article referred to earlier, which can
achieve phase accuracy of less than 0.3 degree. Although itis a powerﬂjl way; to

15 overcome the sensitivity of IRR to phase mismatch, it still does not solve the problem of

IRR sensitivity to amplitude mismatch.

Image rejection mixer and polyphase filter are used for image rejection in US Patent

8,127,962 (Martinson), “Image rejection mixer” and US Patent 6,226,509 (Mole et al.),
20  “Image rejection mixer, circuit, and method for image rejection”, but no tuning scheme is

intfroduced to improve the image rejection ratio in these two inventions. Quadrature

mixers are used for image rejection in US Patent 5,937,341 (Suominen), “Simplified



end with a high performance low I F topology,"” article referred to
earlier, which can achieve phase accuracy of less than 0.3 degree.
Al though it is a powerful way to 15 overcone the sensitivity of IRR
to phase msmatch, it still does not solve the problemof IRR
sensitivity to anplitude m smatch. |Inage rejection mxer and

pol yphisEo fi0liDer are used for inmage rejection in US Patent 6,127,962
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al .), high fraquggey tejr@ndiwnina@ethed.r ciia phagrinisnoaled dnsk anpliyde errors
rejection”, but no tuning schene is introduced to inprove the inmage
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phase shifting network. A radio frequency tuning circuit is used to
r ej ecteinmyediip epnbatihe matchingseiweamthead, @ PhassShifting siedlonk andIF phase
tuning circuit which provides imge frequency
shifting network. A radio frequency tuning circuit is used to reject image frequency in
10  US Patent 4,686,055 (Marshall), “RF tuning circuit which provides image frequency
rejection.” The circult includes an N-path filter with tunable local oscillator for phase
-matching and a feedback |oop to displace the central frequency of N-path filter from the
local oscillator frequency. An image reject transcejver is invented in US Patent
6,137,998 (Lovelace et al.), "Image reject transceiver and method of rejecting an image”
15  that can provide hoth phase and gain adjustments that causes unwanted images to be
rejected. Both a phase detector circuit and an amplitude detector circuit are used to
detect the 1/Q mismatches. A pair of double balanced mixers are employed in an
integrated {F receiver for image rejection in US Patent 5,140,198 (Atherly et al.), “Image
canceling mixer circuit on an integrated circuit chip.” The phase shift circuit employs a
20  specific arrangement of transistors to produce a precise 90 degree phase shift. Emitter

current of the transistor is adjustable to compensate for production variations and

process mismatches. In the three above cited US Patents 4,696,055, 6,137,999, and



rejection.” The circuit includes an N-path filter with tunabl e | ocal
oscillator for phase matching and a feedback |oop to displace the
central frequency of N-path filter fromthe |ocal oscillator
frequency. An inmage reject transceiver is invented in US Patent

6, 137,999 (Lovelace et al.), "lInage reject transceiver and method of
rejecHh@ﬂFag #nage"_lS that can provide both phase and gain

adj ust V1hat causes unwant ed images to be rejected. Both a phase
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adj ust abl e phase shifters have to be used which inevitably increase
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precision. Atime-shared I-Q m xer systemis invented in US Pat ent
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10 are then used to cancel an image signal. Due to the time sharing scheme, the clock

used in this invention may be very high if it is used in high frequency applications.

In t[:1is invention, quadrature mixers combined with complex filters are used for image
rejection. A matching compensation technique is déveioped which can cancel the

15 phase and gain mismatch before the complex filter directly in IF domain. The idea is to
construct a feedback loop which can automatically detect the degree of mismatch and
then eliminate them by a compensation circuits. To implement this, a correlator, a gain
mismatch estimator and two variable gain amplifiers (VGA) are used in the feedback
loop, which all can be integrated in analog integrated circuits. It is self-tuning and can

20  operate in either open loop or closed loop mode. Very high IRR (>60dB) can be
attained reliably which make it a promising architecture for future wireless transceiver

applications.



orthogonality of the in-phase and out-phase signal. A current-nobde
field-effect- transistor inplenentation ensures the gain match. A
conplex filter and inmage rejector 10 are then used to cancel an image
signal. Due to the tine sharing schene, the clock wused in this
invention may be very high if it is used in high frequency

appl i ¢d&50dR810 I n this invention, quadrature mxers conbined with
conplex filters are used for image rejection. A matching
conpensati on technique is devel oped which can cancel the 15 phase and
gain m smatch before the conplex filter directly in IF domain. The
idea is to construct a fesdhidkRNoOOP ™HIE ¢VERTIaW omati cal |y det ect
the degree of-m snmatch and then elimnate them by a conpensation
circuits. To inplenment this, a correlator, a gain msnmatch estimator
and two variable gain amplifiers (VGA) are used in the feedback
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nmet hod for an inage rejection dowconversion systemfor use in a | ow
internediate (IF) receiver with a high inage rejection ratio (IRR) of
greater, than 60dB. It is another object of the present invention to
have e aRrEias ohjestaiihs ereeat inveation to have the whole system operate in a

closed loop mode as well as open loop (after compensation) made.
10
It is yet another object of the present invention to provide a self-tuning image rejection

systemn with very fast settling time and high adjusting precision.

ft is still another object of the present invention to have this system fully integrated and

15 applied in most wireless receiver systems, including GSM, DECT, WCDMA, Bluetooth,

and Wireless LANSs.

It is yet a further object of the present invention to provide a system where the /Q
mismatch in the forward path of a receiver can be automatically canceled using the

20 received RF and image signal and where no extra calibration signal is required.



cl osed | oop node as well as open |oop (after conpensation) node. 10
It is yet another object of the present invention to provide a
self-tuning image rejection systemwth very fast settling tine and
hi gh adj usting precision. it is still another object of the present
invention to have this systemfully integrated and 15 applied in

nost wirel ess receiver systens, including GSM DECT, WCDVA,

Bl uet D T-OHhd Wreless LANs. It is yet a further object of the
presenq temwhere the I/Q msmatch in the
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20 received RF and i mage signal and where no extra calibration signal
i s redilFpEied QV’WW\}EMQQ?%@‘WE‘MQ ¢iEcudsignd whichiraanelre epsibcintegratadeinpy asengle
invention to provide a systemwhich can be fully integrated with | ow
cost &RH 85““5%%"{93’ and which can be easily integrated into a single
chip RF+IF receiver. 5 These and many ot her objects have been

achi eved whereby image rejection is inplenented by follow ng a
gquadrature (I1/Q mxer with a conplex filter which is tuned to the
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gain mismatch of the I/Q mixers is eliminated by designing a feedback loop to
automatically compensate the match_ing of the forward I/Q path. In the feedback loop a
10 correlator is used o detect the I/Q mismatches and a gain mismatch estimator is
employed to estimate the degree of the mismatchés which are needed to be
compensated. Further, two variable gain amplifiers (VGAs) are inserted between the

I/Q mixer and the complex filter to adjust the gains between I/Q paths so that the phase

and amplitude mismatch of the I/Q forward pat-h can be completely eliminated.

15
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of the self-tuning image rejection downconversicn system
architecture of the preferred embodiment of the present invention.
20

Figures 2(a)-(e) illustrate the method of the signal spectrum processing in the forward

- path.

10



enployed to estinmate the degree of the m smatches which are needed to
be conpensated. Further, two variable gain anplifiers (VGAs) are
inserted between the [1Q m xer and the conplex filter to adjust the
gains between |/ Q paths so that the phase and anplitude m snmatch of
the I/Q forward path can be conpletely elimnated. 15 BRI EF
DESCRIIPEON0@OF THE DRAWNGS Figure 1 is a bl ock diagram of the

sel f-tuning i mage rejecti on downconversi on system architecture of
the preferred enbodi nent of the present invention. 20 Figures
2(a)-(e) illustrate the method of the signal spectrun1processing in

the fdfigared 3(pR{fh defed thiyElhuRlien gy frths cak-tlhhgdeika So Fon

sinmulation setup for the self-tuning inage rejection conver si on

syst erdowndongEfsn Qﬁﬁén{ e) are graphs of the sinulation results.
Figure 5 is a block” diagram of the nethod of the preferred enbodi nent

of the invention. DESCRI PTION OF THE PREFERRED EMBCODI MENT 10 The
proposed architecture is shown in Figure 1. It includes two paths:

thg: f d%i\@{eg’rd'ggf Pearﬁ%g%rtgﬁﬁ;){e&ebgmﬁlaptlon r'esung forward path is conposed

of “qua

Figure 3 is a block diagram of the method of the preferred embodiment of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT
10
The proposed architecture is shown in Figure 1. ltincludes two paths: the forward path
and the feedback path. The forward path is composed of quadrature | and Q (1/Q)
mixers 10a, 10b (with two 1/Q local oscillators - LOs) and a complex filter signal
extractor 20, which is used for frequency downconversion and i lmage rejection. The
15 feedback path is composed of a correlator 30, a gain mismatch estimator 40 and a
compensator 50 (with two variable gain amplifiers 51a and 51b) coupled between the
I/Q mixers and the, which is used for detecting, estimating and canceling the 1/Q
mismatches between 1/Q mixers and I/Q LOs. Coupled between the complex filter
signal extractor and the correlator are blocks 60a and 60b for combining signals from

20 the complex filter signal extractor.

Referring to Figure 1, the basic principle of the invention is as follows.



m xers 10a, 10b (with two I/Q local oscillators - LOs) and a conpl ex
filter signal extractor 20, which is used for frequency
downconversion and image rejection. The 15 feedback path is conposed
of a correlator 30, a gain nmsmtch estinmator 40 and a conpensator
50 (with two variable gain anplifiers 5la and 51b) coupl ed between
the 1/ mxers and the, which is used for detecting, estimating and
canceW1 I/Q m smat ches between 1/ Q m xers and 1/ Q LGCs. Coupl ed
bet ween the conplex filter signal extractor and the correlator are
bl ocks 60a and 60b for conbining signals from 20 the conplex filter

signaﬁ &)% acto Referrln?to F'g,j”el t he a5|c rinciple of the

i nvent” ogwai paihy Biinpuf pignfEet) 0aamPesed A d?%F Rét age@M) signal
i nput signal x(t), conposed of desired RF and inmage (I M signal

(i ndi ¢atiedtasafRRAM), cones frionomiawmisenampéfianfhNA)L dts §pddium I shown in
spectrumis shown in Figure 2(a) where the RF spectrum part and

| mage Fieet(aMvhard thal RF Ispeatrath part bhe ind@eSspeictied partihe 1ddBted at the two

frequency / , . The frequency spacing between the central frequency

ofsth t %

ar' é%%sf%*’?hé%omc%%@%é.f i CT,PG%@M ey SRp e bR AL Gl el
I/ Q LO i nput signals (t) and N%)[ shoul d have fixed 90" phase

di f f epEHEsCdNG %grualsat’p &ty a@pllaﬁfaltal@? afst 19a pat Miger (dridbdae uské for

case of perfect matching in mxers and LOs, i.e., no phase m smatch

10 betpaarohl@sldPBoRABo@aHIRFLFIRSHEI DEAURRN tHd @M o5 @k Sut sighdidi fﬁ( ) gnd

case, the conpensator is not required (equivalently, setting a

R = 0). After downcaonversion, the_ signal
p,{t) should have fixed 90" phase difference and equivalent amplitude. Firstly let us

consider the case of perfect matching in mixers and L.Os, i.e., no phase mismatch
10 between I/Q LOs and gain mismatch between |/Q mixers. In this case, the compensator

is not required (equivalently, setling a =1, £ =0). After downconversion, the signal
ser ({5, (0)) and 5, (1} (5, (1)) will have the spectrum as shown in Figure 2(b). The

spectrums of desired RF signal and the image signal (labeled RF and IM in Figure 2(a))
are shifted to the IF band located on two sides of the zero frequency, respectively {IF
15 and IM_IF in Figure 2(b)). The complex filier signal extractor is made up of two complex

filters. One (CF_RF) is tuning its central frequency to_f,. and has only a positive
frequency passband. The other (CF_IM) is tuning its central frequency to - £, and has

only a negative frequency passband (see Figure 2(c)}. The operation of filtering is
shown as Figure 2(c) and by this method the desired IF signal will be separated from
20  the image IF signal. Then the filtered low [F signal can be further converted to a

baseband signal through an A/D converter.

12



, (t)(s,(t)) and (t)) will have the spectrumas shown in Figure

b). The spectruns of desired RF signal and the inage signal

abeled RF and IMin Figure 2(a)) are shifted to the IF band

cated on two sides of the zero frequency, respectively (IF 15 and
IMIF in Figure 2(b)). The conplex filter signal extractor is made up
of twolMppioan filters. One (CF_RF) is tuning its central frequency
to f,,. and has only a positive frequency passband. The ot her
(CF-1IM is tuning its central frequency to and has only a negative
frequency passband (see Figure 2(c)). The operation of filtering is
shown @shdreguist raisojatenss bytwideinsl/@ridwdnd heixéessoe@ dffthsimngs IMsidnap il
separated-from 20 the image IF signal. Then the filtered low IF

i | legRNtBaNE @ j '

Loy CERmESHE L1 [ SR At ond akeanaf S AU PR ok

and 1M ixes the BRIGR ©f sifhS) ﬂé&%nHFAﬂe@?ﬂéri lhe §(§)%%Ea'aﬂé%hf>%. iﬁ‘?‘%tﬁr@dZ(d)
0 I wi || eak

| F signal passband and al so sone t he sire sl gna

LE?&E%“E‘:‘ i élké?( 3??932%‘89%%8%?%9?@2%”? dhaE e 5{;3'? pREGT R e
I M, i ' . i I.F (I MIF
Si gnaloee PRI Y UVEERESRoBP R e Remeeg b Bl T Digndnfnbes

to this .invention is to_introduce a feedback |oop to automatically
cancel URIHBE 10 Hig inveniopys Enitiogiuag a ieedbag!t kot foattematisalivecanns! e of
the desired IF and image signal. Through continuously adjusting the
gai n am@melcd bysyeploymgethsatorslatfrganarateristics ththendesisdcli avd imdxge
continuously reduced and the I RR can be continuously increased.

signal. Through continuously adjusting the gain & and £ (see compensator, Figure 1),

S!
2(
(1
| o

10 the mismatch will be continuously reduced and the IRR can be continuously increased.
The basic principle is as follows. If the separated desired {F signal and image IF signal
are correlated, the correlation of these two signals will be larger than zero. A correlator
is used to calculate the correlation value and thus can be used to detect the I/Q
mismatch. A gain mismatch estimator is used to decide autofnéﬁcally the orientétion of

15 the adjusting (adding or reducing) of the gains « and #. To implement this, the
ad}ustiné of the value of & or # in current time will be determined by both the changed .
values of & or # in the last time and the changed value of ¢ {¢) in the last time, see
Figure 1. The adjusting of gain should be in a way, which will force ¢, (1) to
continuously decrease. After the compensation by the compensator, the mismatch

20  between signal s, (1) and s, (f) will be greatly reduced no matter how large a mismatch

exists between s,(r) and s,(/), and thus the IRR will be significantly improved.

13



The basic principle is as follows. If the separated desired |IF signal
and inmage |F signal are correlated, the correlation of these two
signals will be larger than zero. A correlator is used to calculate
the correlation value and thus can be used to detect the 1/Q

m smatch. A gain msmatch estimator is used to decide automatically
the orientation of 15 the adjusting (adding or reducing) of the

gai ndMEGKRE103. To inplement this, the adjusting of the value of a
or / in current ti will be determ.ned by both the changed val ues
of a BinFiolamipaetheducignal aaeh PHIIER RIRfkds seemest deldis) i n ¢ he
| ast tine, see Figure 1. The adjusting of gain should be in a way,
which will force cr(t) to continuously decrease. After the
conpensati on by the conpensator, the m snmatch 20 between signal s,.
(t) andihe prebldn ofkhligbecidierid ¥ IgAvsadcpaJratter how large a

m smatch ‘exists between s, (t) and and thus the IRRw |l be
significantly inproved. 13 I MEO1-010 1In the follow ng, the function
of each building block is described in details. 1. The probl em of

i mage rejection in tow | F receiver 5 Assune x(t) in Figure 1 is the

arpl i/ffi%ﬂn%mﬁfaan Fdeteetist therAn piaoNagnalained Foabiisdsha. whichde siopmpsed

RF signal, inage signal and other interference signal. After the
downcdrdesiredRF ignal Qrmigeesignalrahd otheeiritede@hce storgl ételithé er, t he
desired RF signal will be transformed to an IF signal and at the

S?ﬁe_ddvmdm/%r)éiﬁﬁ%‘? 1R} @mRérsedil fild i 6f £B6mpied BRR! thel désiR RF signal will
el 1 m nat ed.

be transformed to an IF signal and at the same time the image signa! and interference

signal will be eliminated.

10

Assume the I/Q LO signals are:

pi(0)= Acos{w,,t + ), | (1)
15 p,{t)=sialw,,). ' 2)

Here A represenis the equivalent gain mismatch (if 41 1) and o represents the
equivalent phase mismatch (if ¢ # 0) between the | path and the Q path of the
downconversion system. «,, denotes the local oscillation frequency of the local

20 oscillators.



Assune the I/ Q LO signals are: P/ (t~=A cos(w +(P), (1) 15 pQ (t)
sin(w.ul), (2) Here A represents the equivalent gain msmatch (if A
x 1) and rp represents the equivalent phase msmatch (if ¢ # 0)
between the | path and the Q path of the downconversion system w,,,
denotes the |l ocal oscillation frequency of the |ocal 20 oscillators.

14 | MEGEQALIOO M xing x(t) with LO signals through 1/Q m xers to get:

S, (1) ="/7ix(t)cos((',r,t +99), (3) 5 s0,(t)=x(t)sin((Ccut) (4)

Her e M!Xm) xél]ﬁdlltb"LQBbgmis ﬂhr@agfel/@nmixa'md:tegei smatch A and phase

m smatch q,. If they are directly passed into a conplex filter for
the extraction of the desired IF signal and the rejection of the
image |F signal, the image rejection ratio (IRR) cannot be high since
10 it @ vew sitive, to the m smatch between the | path and the Q
path (%¢ e ))“0 Yodiid’/30dB). In high perfornance transceiver design,(3)
high IRR (at |east >55dB) is desired and this notivates us to

propose the follow ng self-calibrated and tuned inage rejection
downconversion architecture. 15 2. A conpensator for elimnating the

m $maty (rAf ?r«,mt((bﬁ) }/Q mixers, we can use two voltage gain anplifi er s4)
(VG&A) la 51b as

Here s,{t) and s,(/) will have amplitude mismatch A and phase mismatch ¢. If they

are directly passed into a complex filter for the extraction of the desired IF sigﬁal and
the rejection of the image IF signal, the image rejection ratio (IRR) cannot be high since
10 itis very sensitive to the mismatch between the | path and the Q path (commonly
around 30dB). In high performance transceiver design, high IRR (at least >55dB) is
desired and this motivates us to propose the following self-calibrated and tuned image

rejection downconversion architecture. -
15 2. A compensator for eliminating the mismatch

After the I/Q mixers, we can use two voltage gain amplifiers (VGA) 51a, 51b as a
compensator in Figure 1 to adjust the amplitudes of the I/Q signals and then combine
them as:

20

ser0)=3,(0) = Ax{t) cos{w et + p), (5)

15



conpe
and t
(P),
are a
Subst
11 x(1
there
S, ., (
st, (
rejec
a 4th

nsator in Figure 1 to adjust the anplitudes of the I/Q signals
hen conbine themas: 20 sc, (t)=s, (t) = Ax(t) cos(wl ut +
(5) IS IMEO1-010 sc-t,(t)=(1SO (i)+135',(1)- (6) If a and /3
djusted to the values: A ar i, (7) os 5 /3 =tan(cp), (8)
ituting (7) and (8) into (6), it is easily to prove that S(t) =
}@EII Cgco,", + (P). (9) 10 Conparing {(5) with (9), we see that
pit- no m snmatch between the conpensated |I/Q signals
i) d ..oy, L1)sif the gains a and 8 are set as (7). Then, if
1590@1:6“@(}%}{‘('@ are put into the conplex filter for inage (6)
tion, very high IRR can be gotten (for exanple, >62dB by using
order Butterworth conplex filter). However, 15 since the

m smat ch val ues of A and cp for a receiver are unknown, and thus the

desir

10

fdy and S are adjusted to the values:

I
a= cos(q-:lj‘ (7)
A =tan{p), (8)

Substituting (7) and (8) into (6), it is easily to prove that

s:.t_,(t)= Ax{t)sin(e, , + ). (9)

Comparing (5) with (9), we see that there will be no mismatch between the

compensated I/Q signals s, (1) and s;,,() ifthe gains o and # are setas (7). Then, if

3. (t) and s}, (¢) are put into the complex filter for image rejection, very high IRR can be

gotten (for example, >62dB by using a 4" order Butterworth complex filter). However,

15

since the mismatch values of A and ¢ for a receiver are unknown, and thus the desired
compensation values of ¢ and £ are not available, they have to be estimated before

making compensation.

3. Complex filter pairs for signal and image separation

16



conpensation values of a and /3 are not avail able, they have to be
estimated before nmaking conpensation. 3. Conplex filter pairs for
signal and image separation 20 16 | MEOL-010 Conplex filters can be
used to extract and separate the desired IF signal fromthe inage IF
signal. Wthout | oss of generality, it is assuned after
downcigenian that the desired IF signal lies in the positive
frequency band and the image IF signal lies in the negative

f r equeREIP B4 fillersKaropp besd 9 Ersactantsepdrate thepddsedalfosignalifeom diad
axis has only 5 a band pass selectivity in positive frequency band,

and aincagelfesighal. t\dfhithout lossldf generality g5is dxeupwed Ster §alndoriverdias tiet e
a band pass selectivity in negative frequency band. These

h
char ?ﬁ%ﬁigédls'{g glggggfbsbﬁ tHégﬁ') StReSFRAIEHCY Halte %gogﬁeﬁgnea{gf Qﬁ‘és 153 the

passb b racti d IF 10 and a
Conp! d80at 1860 nae'bffatﬁvcgﬂ?@s o it 20 Spetries SBL g A8 By
extrac F signal_in the bl ock conplex fi]ter signal
ot 1 a8 A AR SeE Y Pofratiencpae SSr g Greher e Wit @it poles
extractor, desired |[F I/ gnal r, (r) and rt, (t% (LF_1, ITF-Q are
separ BEQW hedrat agsinasgnly ﬁ h&rr@ RAgERIeElivtytiy ngRative freGupney RENE These
IMIF Then r4) and r,,Q wll be conbined as a conpl ex signal
r(t}= arpp jeristies cap beauskdhio, %&Qara‘mwth\emsnm{j IFtsigmad Iftorb éhe onbge Ht sigsah
conplex signal ,n(t) =rn, (t)+ jmYt) in Blocks 60a and 60b,
respectively. If s,., (t) and .s,.,,(t) have no msmatch, ,(t) and
in(i) will be uncorrected
A complex filter with positive frequency passband is used for extracting the desired {F
10 signal, and also a complex filter with negative frequency passband is used for extracting
the image IF signal in the block complex filter signal extractor 20 in Figure 1. After the

processmg with this signal extractor, desired IF I/Q signal , (1) and 7, (1} (IF_1, IF_Q)
are separated from the image IF I/Q signal /2, (1) and =, (r) (IM_IF_|, IM_IF_Q). Then
r,{t) and r,(r) will be combined as a complex signal :-'(!.)=r, )+ ji, (1), and i, (r), and
15 m,(t) will be combined as a complex signal m(/) = m, (()+ jmy (1) in Blocks 60a and 60b,
respectively. If s, (¢} and s, (r) have no mismatch, (-} and m(r) will be uncorrected
since they lie in different frequency bands. However, if s, () and s,,,(r) mismatch, r(r)

and m(/) become correlated. The main reason for this is - if there is an I/Q mismatch

and after complex filtering — that some of the image IF signal will leak into the desired IF
20 signal passband and also some of the desired IF signal will leak into the image IF signal

passband, as shown in Figure 2 (d) and (e). Hence r{r) and m(r) become correlated.

i7



since they lie in different frequency bands. However, if s,., (t) and
S,.,,(t) msmatch, r(t) and in(t) becone correlated. The main reason
for thisis - if thereis an I/Q msmtch and after conpl ex
filtering - that sone of the inage IF signal will leak into the
desired I F 20 signal passband and al so sone of the desired |IF signa
will leak into the image |IF signal passband, as shown in Figure 2
(d) MHLY8Y0 Hence r(t) and m(t) become correlated. 17 |MEOL-010

Thi s.i.nportant, feature will be used to detecgt the,signal, m smatches
pot WA TERBARRLIEER P L BE ot ia B et e i bp SRl By vBRl T d AR
5 The correlator in Figure 1 is defined as: E(r(t)mt)) C (t) )
(10ﬂ*ﬂh-r2(t) +E n2(t)) Where E() represents the assenbl e average.
Qoviously, if there is no msmatch 10 between the signal s,., (t)
and s,.,,(t), the output of the correlator c,.(Q wll be zero.

O herwise, if there are any anplitude and/ or phase m smatches between
S, . 4.(MeorPelut sy fS2 ddrkeiibhehowh@uiaof the correlator ¢, (t) wll be

| arger than zero. Mreover, the larger the m smatches are, the
l.arger the correlator outputs. 15 The key idea of the proposed schene
Ps to try to self-adjust the gain a and fii through a

The correfator in Figure 1 is defined as:

e ()= E (r (! )m (1 ))
=5 20

(10)

Where E( ) represents the assemble average. Obviously, if there is no mismatch

10 between the signal s, (1) and s, (), the output of the correlator ¢, () will be zero.
Otherwise, if there are any amplitude and/or phase mismatches between s, {1} and
s¢o (1), the output of the correlator ¢, () will be larger than zero. Moreover, the larger

the mismaiches are, the larger the correlator outputs.

15 The key idea of the proposed scheme is to try to self-adjust the gain « and g through a
closed feedback loop, which forces the value ¢,(r) to continuously decrease to as small
as possible. In the ideal case, ¢, (t) will be adjusted down to zero and thus the

mismatch between s, (1) and s, (1) will be eliminated completely.

20 5. Mismatch estimation and canceling scheme

13



cl osed feedback | oop, which forces the value c,.(t) to continuously

decrease to as small as possible. In the ideal case, c,.([) wll be
adj usted down to zero and thus the msmatch between s,:, (t) and
S,.,,(i) will be elimnated conpletely. 20 5. Msmatch estinati on and

canceling schene 1x | MEO1-010 The gain msmatch estimator in Figure
1 isiMeeq-g1 continuously estimate and adjust the values of a and
/3. The function of this block can be summari zed as the foll ow ng
recursive processing procedure. 5
------------------------------------------------------- % Set initial
val udsie deif ymstmeliredlimatd il EQurd (113 ebed ta(@htirualdy esfimatd X0y adjust the
,8(1) =1; i=2. Wiile c,(1)>T,, 15 a(t)=a(t-2)-h(t-2)d(t-2)Aa(t),
E gla)v%!)d)é%taf aidr%nfb’@(ﬁ)xe furtion-of4his bidddBan bl sUPmarisedas She fdibwiky -

recursive processing procedure.

% %

Sef initial values:

(0} = h(1)=
d(0}=d(1)=
a(0)=afl) =1

50)= ()=

(=2,

10

li

While c,(}> T,

15 alt)=alt-2)-hl~2)d{ —2)aalt), (11a)
h{t) = signlad{t) - 2)) (11b)

d(e) = signle, ()¢, (- 2)); (110)

Bl +1) = Ble~1)—hlt - 1)t -1)aB(), (12a)

20 A +1)=sign(B+1)- gl -1)), , (12b)
19



/3(1 +1)=,6(t-1)-h(t-1)d(i-1)A/3(1), (12a) 20
h(i+l)=sign(a(t+1)-/3(t-1)), (12b) 19 | MEO1-010
d(l+1)=sign(c,.(l+l)-c,(1-1)); (1 2c) t=t+2. 5 End
------------------------------------------------------ % | x>0 Here
sign() is defined as sign(x) = 0x =0. -1 x<O 10 Were T,,
representl n% a threshold is a very small positive constant val ue, and
are the adjusting step values. From above, we can see
that d/3 alterngtively adjusting in tinet and i + |
adj ué/il’lﬁg‘v‘éﬂf’ bfl)a"‘bwﬁ}'ln current time (i or t+1) is determ%-&f)
by both the changed value of a or /6 in the last tinme (t -2 or 15t -
| ) and the changed value of c,(t) in the last tine (t-2 or i-1). The
value a and /3 are nodified in the direction which will pronote
c,(t)-hasxthe tendency to decrease. For exanple, if a(t - 2) > a(i -
4) (h(t-2)>0, (11b)) leads c, (I - 2) <¢c,. (t - 4) (d(t-2)<0,
(11c)), we have a(t)=a(t- 2)-Ix( 1) xda(t) a(|-2)+t a(l) in (11a). This
nmeans if the increase of ain tine i-2 |eads the decrease of c,, in
'tsj msE/nd-Z a shoul d be

Yo--- %
1 x>0

Here sign() is defined as sign{x)=4 0 x=0.
-1 x<0

10

Where 7, representing a threshold is a very small positive constant value, and

Aa, AS >0 are the adjusting step values. From above, we can see that « and g are
-alternatively adjusting in time ¢ and ¢+ 1. The adjusting value of « or # in current time
(¢ or t+1)is determined by both the changed value of o or £ inthe lasttime (1 -2 or

15 ¢-1) and the changed value of c,,(i) in the fasttime (+ -2 or r—1). The value ¢ and 8

are modified in the direction which will promote ¢, {f) has the tendency to decrease. For
example, if at—2)>alt —4) (A{t-2)>0, (11b)) leads ¢, {1 -2) <, {(—4) (d{t~2)<0,
(11c)), we have al(f)=ali —2)-1x(~I)x Aa{t)= alt ~2)+ Aalr} in (11a). This means if
the increase of o intime /-2 leads the decrease of ¢, intime /-2, « should be

20 increased further more af time ¢ so that ¢, potentially can be further decreased at time

20



20 increased further nore at tine t so that c, potentially can be
further decreased at tinme 20 IMEO1-010 t. On the other hand, if a(r
-2)> a(t - 4) (/r(t -2)>0, (11 b)) leads c,(t -2) >cr (t -4)
(d(4-2)>0, (11c)), we have a(Q=cz(t-2)-IxIxAa(r)=a(t-2)-Aa(i) in (11
a). This neans if the increase of aintime i - 2 |leads the increase
of ciMEQ1H1®e i - 2, rz should be decreased at tine i so that cr can
be potenti al I¥] decrease ti . The sane 5 operati IS done t
/1. 1t Qathaetheabang, § 4+F)eaa2ﬁa4 ) eMe- §ih@né11b.))dqqc;s o eh2y, i ¢
force the value of cr(t) to continually decrease and thus to

cont al %) a Neryy.hj -
atta dzl)ésdserrﬁple)gl Wbl’}%tvlﬁeaggk ‘glh?al g-([)mr%i ?ﬂ%& l ax([es?)rrp}l\?( |ed 1da;ptTlh\l/se
| east maan square (LI\/B) algorithm See S.S. Haykin, "Adaptive

Fi | t B¥8aRg fthedpgreasrp! i iiece- Bdppds i@mcraaf@r%ff or e tige|r v should
algorithmrelated 10 techni ques can be used to further inprove the

pr espaldedtdadedtatmmme ! fy thanee dalie polentiaMHisEreadid it ReE/. The same
corrpl exity). | t shoul d be nofed that the selection of parameters

5,1 wongfFteRaE gobe 4817 ot SADES bl VSitEEHhal 1 SSIEABYA LI GoR Gog

chosen, the nore acgurate esti mates of desi red a and /3 can be
got t Bce ghrivalhe ol co(,?@arto coetinslly decress e and duselo. cantinvetihsdpoivetthe IRR
invention Referring to Figure 5, we now describe the preferred nethod

of tREHAMSS BRI 4 QE/MHiIGRNMRR 18 ke - Bdfentially, the above algorithm is a
simplified adaptive least mean square (LMS) algorithm. See S.S. Haykin, “Adaptive
Filtering Theory", NJ: Prentice Hall, 1996. Therefore, all LMS algorithm related

10  technigues can be used to further improve the present algorithm performance (but, of

course, with more complexity). It should be noted that the selection of parameters 7,
Aa and Af are a trade off between the estimation convergent rate and the estimation
accuracy. The smaller 7,, Aa and Af are chosen, the more accurate estimates of

desired « and £ can be gotten, and the slower the estimation converges.
6. Method of the invention

Referring to Figure 5, we now describe the preferred method of the present invention:
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Bl ock 1 describes providing an input signal conposed of the desired
radio frequency (RF) and inmage (IM signal. Also refer to Figure
2(a) and its description earlier inthe text. 5 Block 2 describes
downconverting the incom ng RF+I M signal utilizing a quadrature
mxer | and Qand an I and Q (I/Q channel local oscillator (LO.
REfe@ééﬁ Fi%ure 2(b) and its description earlier in the text. Block
3 de e providing a conplex filter signal extractor made up of

ti _ A . _
cpocri LakRibes st REgh LRy cbkidec ™ B bRty P iquepey

Fi 2 d,.its.d i pti | i in the text. Block 4 .
deqclTBET ImAde (MhSieRo AL ey i Fiorfe it e fEscreiPacabory e ¢
and 4117, respectively, thus separating the desired IF signal from
the i&%ge I F signal. Refer to 15 Figure 2(c) and its description
earlier in the text. The dotted outlines in Figure 2(c) illustrate

the effect of the conplex filter. Block 5 describes introducing next
a feedback | oop to automatically cancel the msmatch between the 1/Q

1505 Blutkiheesprivdsatawrtcdhivistiirg e iB6BMMY R+ IMisigreal 28igiag eheddatyrthe
correlation characteristics of the desired IF and i mage | F signals.

Ref efnixdrq Gf Gt &4 | 3Rd i) (Fhpekgnrel |8zal NERERY00) Bregk: &

L C ; ﬁﬁ%é@ﬁs
utilizing a gain msnatch estimtor to continuously adjust the galh a

and I Lp; lifjers (VGAs) A and B, respectively,
g gﬁ? ﬁ]’(% c@%&éﬁ%@egﬁbptrﬁfﬂé el

Block 3 describes providing a complex filter signal extractor made up of complex filters
10 RF and IM and shifting and extracting the spectrum of the desired RF and IM signal to

the IF band. Refer to Figure 2(c), and its description earlier in the text.

Block 4 describes tuning the RF and the IM filter to a central frequency +/f|¢ and JiF

respectively, thus separating the desired IF signal from the image IF signal. Refer to
15  Figure 2(c) and its description earlier in the text. The dotted outlines in Figure 2(c)

illustrate the effect of the complex filter.

Block 5 describes introducing next a feedback loop to auiomatically cancel the
mismatch between the 1/Q LOs and the quadrature mixers by employing, via a
20  correlator, the correlation characteristics of the desired IF and image IF signals. Refer

to correlator 30 in Figure 1.



di sposed between mixers | and Q and the complex filter signal
extractor, thus increasing the image rejection ratio (IRR). Refer to
the gain msmatch estimator in Figure 1 and 5 Figures 3(c) and 3(f).
Verifications and Results To verify the feasibility and evaluate the
performance of the proposed new architecture, 10 a dynamc

si muiMELdrDWsi ng MATLAB SI MULINK 2.0 has been done. In this

simuLation, the r.formance of the proposed downconversion stem
bl EREEE daseting Glizhia B 8 s baEh R S g PR Y SRt R e
investigated and illustrated. In fact, the proposed new self-tuned

i mgant &f elctariableigamncsnniiess OMGAR eand &, resnadtiyelyawhsee thedéBhsiared

in nost of wireless comruni cation applications such as GSM DECT,
WCDMiispardd betwee e isss L ANdeQandHnguewspk diltec sigahbasrddier, $iidIncNésing
sinmul ation set up for the self calibrated and tuned inage rejection

downgniresgd Alle SGH @b (ﬁfm?r RefeHiB)ne 3ah midgtch(SkintBEEINUPgORE1 and
Figure. Figuré 3(a) connects to Figure 3(b) via connections 31, 32,

a i 3(c) via connections 34, 35. Figure 3(b) connects
?53 F?%rgsgk‘%;gﬁ %&ionnecti on 36. 23 I MEO1-010 Referring to Figure

3(a) now, Blocks LO |l 310a and LO Q 310b sinulate the I1Q | ocal
oscillation signals. Blocks MXER I 312a and M XER Q 312b sinul ate
the I/Q m xers- Blocks Al pha\é:% 4a and Bet 3]T4b simul ate

conpensat ors. Bl ocks RF _extr %ﬁf&ﬁat@%émﬁ?%‘]?ﬂd | M extractor 316b
sinmul ate the conplex filter signal extractor in Figure 1.

To verify the feasibility and evaluate the performance of the proposed new architecture,

10  adynamic simulation using MATLAB SIMULINK 2.0 has been done. in this simulation,
the performance of the proposed downconversion system applied to a Bluetooth low IF
receiver (assuming FM modulation) is investigated and illustrated. in fact, the proposed
new self-tuned image rejection downconversion system (circuits) can be widely used in
most of wireless communication applications such as GSM, DECT, WCDMA, and

15  wireless LAN etc.

Figures 3(a- c) shows the SIMULINK simulation set up for the seif calibrated and tuned
image rejection downconversion system. Figures 3(a), 3(b), and 3{(c) make up one
Figure. Figure 3(a) connects to Figure 3(b) via connections 31, 32, 33 and to Figure

20 3(c) via connections 34, 35. Figure 3(b) connects to Figure 3{c) via connection 36.

23



5 Block CF3 313 is used to sinulate a conplex filter whose input
signals are not conpensated, while RF_extractor 316a | M extractor
316b are used to sinulate the conplex filter signal extractor whose
i nput signals are conpensated. Here each of the conplex filters
(316a-b and 313) is inplenented with a 4th order Butterworth conpl ex
fllter Bl ocks 318a and 318b represent the | and Q signal conbi ner
for INHFEH-8HA 316b, 10 respectively. Correlator 319 in Figure 3(b) is

e

B I r In Fi

g R AR IR L L

in Figure 3§b dIS plays the image rejection ratio of the simulation
moddplocks 143 a@d detaidrél sanmlate Nﬁ(ﬂm@(ﬂéﬂt%$ BieckedripL@xtraptort § 16eer

cells CF3 313, correlator cell Correlator 319, and gain m smatch
est iphas anddM_Iextr(aGi@@éABbaﬁﬁuﬁammé)):omp@ﬁﬂﬁtﬁmsignalIéixg‘ac'em irBF{glre 13(e),
and 3(f), respectively. The input signal sources are represented in

i gWiecB B3 Y3 Ivesdd rRosigntMedomateadilte: Mos iapal §%R&mes1‘om 324a
and | M nod_sig 324b which represent the desired RF 20 and IM

S' Q%niﬁ'zﬁéi@@%h;@hF ekB8ceRBABEIM ! @@&56@%1% ér@%s@@%rs@rﬁuﬁ'fe fHegnal

and the carrier frequency “of the IIMsignal is 2.38GHz, thus

e G SRS B! B M AN 08 0

e i B R o e“%awm%sﬁ%q e FRa 90 bt ’ g

The fﬁteerllt raallfl)cl;sr’o% aeggé/ S(PIEbtrggrecson?the I and Q signal combiner for 316a and 316b,

10 respectively. Correlator 319 in Figure 3(b} is used to simulate correlator 30 in Figure 1.
Blocks Corr_dec_alpha 320a and Corr_dec_beta 320b, Alpha_estimator 3223, and
Beta_estimétor 322b in Figure 3{c) are used to simulate the gain mismaich estimator 40
in Figure 1. Block image Rejection Ratio 326 in Figure 3(b) displays the image rejection
ratio of the simulation model. Moreover, the detailed SIMULINK model of the complex

15 filter cells CF3 313, correlator cell Correlator 319, and gain mismatch estimator cell

(320a-b and 322a-b) are shown in Figures 3 (d), 3(e), and 3(f), respectively.

The input signal sources are represented in Figure 3(a) by two frequency modulated
(FM) signals RF_mod_sig 324a and IM_mod_sig 324b which represent the desired RF
20 and IM signals, respectively. The carrier frequency of the desired RF signal is 2.4GHz

and the carrier frequency of the IM signal is 2.38GHz, thus the central frequency of IF

signal is 10MHz ((2.4-2.38)/2*1 0? MHz). The modulation signal for the RF carrieris a
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filters is tuned to 10 MHz and its bandwi dth is designed as 2MHz.
Assume the equivalent anplitude msmatch is :I = 1.6 (60% and the
phase msmatch is 5 co = 9" (10%, and thus the desired a and /i for
~conpensation can be calculated as a'=1.61994 and (3' =0. 15838.
Setting the m ninum adjusting step for a to Aa = 0.01 and the
m'ni fME{)éd]MDsting step for /3 to A/3=0.01. In the whole simulation a
rate.of 5x1010 sanples/s i s used. 10 The S|nulat|on results
ar e EH@%&"’@W with wesedy 4 (tiegugpey Vg dhermogulrion sigral festhenit caiwer
of a, 8 in Figures 4(a), 4(b), respectively. Frominitial values O,

the ised sinealvade aithetidd Busdrgicaey NMlRe TestestaMaidirsicolof the adfplex
t aki ng about 3)258 'El'hg out pu%{ Si g?:l of the correl a? Curvg

ti f dB t
abouﬁf@%g%”@dea% R I e AR L
| at : d 4 sh th
RN A TS LR el et
respectively. It can be seen fromCurve 5 that the IRRis only about

15dB o Dhgis ; enmdehsathiodesined e vhiih? fooomepsatatom cEubg eatbuldtbe asRR
is continuously inproved until an average 70dB ERR is gai ned when

the BPERSHSRK AR HonYaEass: Jhifng Bid kil BRI & 290!Rq L 36

20 After the st lity o conpen ati1on oop can be

o egh %ﬁ!@ﬁﬁ*%ﬁ&%& Rdor & toatPe bk ﬁw&w%a@ Sifmyidlpey & samplin

applicati ons.
rate of 5x10'° samples/s is used.

10 The simulation results are shown in Figures 4(a) to 4(e). Curves 1, 2 show the
estimation of «, £ in Figures 4(a), 4(b), respectively. From initial values 0, the
estimates of o and g .converge to the desired values of o' and g’ taking about
0.25us. The otjtput éignal of the correlator, Curve 3, is shown in Figure 4{c) which
continuously decreases from 0dB to about —38dB taking about 0.3 ;. After that, it

15 converges and varies in a relatively small range. Figures 4(d) and 4{(e) show the results
of image rejécﬁon ratio with and without compensation, respectively. If can be seen
from Curve 5 that the IRR is only about 16dB without compensation while with
compensation, Curve 4, the IRR is continuously improved until an average 70dB IRR is

gained when the compensation converges. The settling time is about 0.2 ;v t0 0.3 s .

20  After the stability of compensation, the feed back loop can be broken and then the



5 Analog Circuit Inplenentation Consider now the inplenentation issue
of the proposed architecture. In the forward path, the m xers and
the conplex filters can be inplenented in analog integrated

circuits, see the J. Crols and M Steyaert, CMOS Wrel ess Transcei ver
Design and T. H 10 Lee articles discussed earlier in the Background
of ;@F InveBtion. In the feedback path, the correlator and the gain
mi st eh!-Ed0 mat or can be i npl emented using digital circuits as well
as . vy o D 3 .t

F ccdanR B ek 2R SopTaY, Mich ) TRAHITBMERIaMEIRR qver sode
be inpl enent ed ysing analog multipliers and a |l owass filter K Bult
and'HJ“9®ﬁ?mﬁ6§J°“%kcwcs four quadrant analog 15 multiplier," |EEE
Journal of Solid State Circuits, vol. 21, no. 3, pp. 430-435, 1986
and R Gegorian and G C. Tenes, Analog MOS Integrated circuits for
Signal Processing, NJ: John WIley and Sons, 1986. The gain m smatch
estimator can be inplenented using operational anplifier based
conparator D. A Johns and K. Martin, Analog Integrated GCircuit
Besign, NJ: John Wley andy$sog CidkdfImpandetiagioR. G egorian article
referred to 20 above. The two VGAs can be inpl enented using two high
| inear analog nmultipliers and analog adders, see S. Hsiao and C. Wi,
"A Parallel Structure for CMOS four quadrant analog multipliers and

Jour §§55?8%?éé?fﬁﬁe%%&%%@@aﬂ?%??ﬁ:ﬁ?g?f%%éd‘é’f&gfﬁi%%gi %@gé Mg

Spgp%éﬁ\d%ﬁ gﬁfkérﬁ%@i tfnlgfcggg;?el%g i 8Wn%h9%9@p%:qﬁerlltgdtin a%a?og :n?e’gr:tape%

circuits, see the J. Crols and M. Steyaert, CMOS Wireless Transceiver Design and T. H.

10 Lee articles discussed earlier in the Background of the Invention. In the feedback path,
the correlator and the gain mismatch estimator can be implemented using digital circuits
as well as analog circuits. A promising way is to implement the whole feedback path
with analog circuits. For example, the correlator can be implemented using analog
multipliers and a lowpass filter K. Bult and H. Wallinga, “A CMOS four quadrant analog

15 multiplier,” JEEE Journal of Solid State Circuits, vol. 21, no. 3, pp. 430-435, 1986 and R.
Gregorian and G. C. Temes, Analog MOS Integrated circuits for Signal Processing, NJ:
John Wiley and Sons, 1986. The gain mismatch estimator can be implemented using
operational amplifier based comparator D. A. Johns and K. Martin, Analog Integrated
Circuit Design, NJ: John Wiley and Sons, 1897, and the R. Gregorian article referred to

20 above. The two VGAs can be implemented using two high linear analog muitipliers and
analog adders, see S. Hsiao and C. Wu, "A Parallel Structure for CMOS four guadrant

analog multipliers and its applications to 2GHZ RF downconversion Mixers,” IEEE
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systemcan be fully integrated in analog circuits, and thus
potentially can be devel oped as an anal og chi pset applying to the
low | F receiver. 5 Advantages |In sunmary, the advantages of the
present invention are: 1. The new invention is a self-tuned system
The I/Q msmatch in the forward path 10 of a receiver can be

aut oMEDEd41 U0y cancel ed using the received RF and i mage signal. No

extrg_ calibrati. signal .js required, 2. e w i nvention can work

on | P 8349 Sr5rerBiursertt B S e PR et inerig B phick
and gain m smatch exists, the system can al ways conpensate it to a

ver yrefefrgf|to gagicse Inifen senee dieuwopesed bighompgef ieitiaoidaompavgeson 15
3. The new invention can achi eve high precision conpensation and thus
a hi gystemeayebe djlgcintenrateat incar(zdog ciré@tBrndahubpogaitiaéd cantbiecdeveloped
pronotes it for use in alnost all kinds of high performance wirel ess

comMuy iagadrizidg eRRskEapp QMg tokhe THR IPQYEIGYENt i on can be fully
integrated with low cost analog circuits. It can easily be

iqitegrated into a single chip RF+IF receiver with very good image
rejection 20 performance. Thus, the invented core can be w dely used
in low cost, |ow power, and high f nce chipsets, such as a CMOS
Bl uetooth and Wrel ess LAN transégﬁ?@%&gsni psets. 27 | MEOL-010

In summary, the advantages of the present invention are:
1. The new invention is a self-tuned system. The I/Q mismatch in the forward path

10 of a receiver can be automatically canceled using the received RF and image signai..
No extra calibration signal is required.

2. The new invention can work on-line with a very fast settling time. No matter how
large a phase and gain mismatch exists, the system can always compensate it to a very
small degree when the adjustment through feedback converges.

15 3. The new invention can achieve high precision compensation and thus a high
image rejection ratio {(over 62dB) can be gained, which promotes it for use in almost all
kinds of high performance wireless communication applications.

4. The new invention can be fully integrated with low cost analog circuits. It can
easily be integrated into a single chip RF+F receiver with very good image rejection

20 performance. Thus, the invented core can be widely used in low cost, low power, and
high performance chipsets, such as a CMOS Bluetooth and Wireless LAN transceiver

chipsets.



5. Since only the anplitude adjustors (i.e., VGAs) are used in the
invention to conpensate the 1/ Q phase m smatch, the phase error
detector and phase shifter (for conpensation) are not required. The
conplexity of the conmpensation circuit has been greatly reduced and
t he adj ustnent precision has also been greatly inproved 5 Wiile the
inve%’%ﬁn h\?}s been particularly shown and described with reference to
t he f&Ced enbodi ment s thereof, it will be understood by those

skilked i Qnﬁc@eorﬂgkhé QFHp it éﬁ%to@@?@e\?dﬁ&) P& MsBAGh el Avbatdmio be

made W t hout departing romt e spirit and scope of the invention.

mageoEp Rt e AnRtaR LT air T y0e BSE B oY SElRRSIA Bhat Sfine (0

internedi ate frequency (I.F) receivers with high inage rejection

r at | OMPEBABHIIYiaig:N0% f%ﬁtflEﬁC{NaT'ale sarplexiyithe ﬁ@”&’%&ﬁ%ﬂ Ciegt bas peen
(RF) and image (IM signal, said forward path conprising quadrature
| angre@ilylre@Qcethanddhe aﬁjusrtrsem preciion hes laterabees giddtgtioproved). each,
and a conplex filter signal extractor, said conplex filter signal
extractor extracting an IF and an |IF imge signal, said forward path
used for frequency conversion; and 10 a feedback path, receiving the

out pYhiRf theahferdtRME Lo e8h Barikshy S8AReKdRRISRribed with reference o the
preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the spirit and
scope oflthe invention.

10

What is claimed is:



conprising a correlator, a gain msmatch estinmator and variable gain
anplifiers (VGAs), said VGAs disposed between said I/Q m xers and
said conplex filter signal extractor, and said VGAs used to
elimnate I/ Q phase and 1/Q gain m snmatches of said I/Q | ocal

osci | | aj8-¢4¢>s) and said I/Q m xers, said closed |oop feedback path
used for detecting, 15 estimating, and canceling I/Q m smatches

sl 1t uhoa iiptedreltEl SorERne ok et oy REh I Sy Teghifi
a1 0 oy ek BuOPenTsrFEath eSefy HiET 08 G0 R okl fegtph e

detect the ]/ O msmatch. 3. The self-tuned image rejection
downcorfPEIEISYP syst em of claim 1, wherein said gain nismatch

estimator is used to decide automatically the direction of the
adjusting of the conpensation gain of said VGAs. 25 29 | MEO1-010 4.
The sel f-tuned i mage rejecti on downconv Il on, syste f.claim

wher®i i foRwardipatbe fecaiving 2tTReIoipae oYy qnﬁie'réﬂﬁ%p@?}ﬂgétqn@ Sg’%@ forgprd
said VGAs is both additive and_ subtractive. 5 5. The se|f-tuned

i mage matkeemeRse/meiobreil gpd &Y SQhslanng! anixers wilthap dihlocgposcillator (LO)
vari able VGAs are used to elimnate 1/Q phase and I/ Q gain m smat ches,
of sai achcandg cafmpiex dilter sioaehexerdor, sagheemple|fijter signal extractor extracting

an IF and an IF image signal, said forward path used for frequency conversion; and

10 afeedback path, receiving the output of said forward path, said feedback path
comprising a correlator, a gain mismatch estimator and variable gain amplifiers (VGAs),
said VGAs disposed between said 1/Q mixers and said complex filter signal extractor,
and said VGAs used to eliminate I/Q phase and I/Q gain mismatches of said I/Q local
oscillators (LOs) and said I/Q mixers, said closed loop feedback path used for detecting,

15 estimating, and canceling I/Q mismatches between said I/Q mixers and said 1/Q local

oscillators (LOs).

2. The self-tuned image rejection downconversion system of claim 1, wherein said
correlator is used to calculate the correlation value between said extracted [IF and said

20 IF image signal which is used to detect the I/Q mismatch.

3. The self-tuned image rejection downconversion system of claim 1, wherein said gain
mismatch estimator is used to decide automatically the direction of the adjusting of the
compensation gain of said VGAs.

25
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6. The self-tuned image rejection downconversi on systemof claim1,
wherein a high 10 inmage rejection ratio (IRR) can be reliably

achi eved, regardless of how large a msmatch between said | and said
Q channel exists. 7. The self-tuned i mage rejecti on downconversi on
systemipfeogl@on 1, wherein the I/Q matching of said closed | oop

f eedback path is self-tuning. 15 8. A fully integrated self-tuned

G ]S NS BB Db LR Al i, v
oLl o ASOTR Mol LRI Rahah N B9 SATDL B S48 ang

conpri si 1l and a Q (1/Q local oscillator (LO, a quadrature |
and a éu?)ﬁ'f“%]v%hannel m xer, a conpensator, and a conplex filter

signal extractor, said quadrature |I channel m xer receiving said
RF+I M signal and a signal from said | LO said quadrature Q channel

m xer receiving. sai d RF+I M signal and a si.gnal 30 | MEO1-0Q10, fr.om

sai B Q8.0 NS PHIIRY KPRFREISGHORHOMRRTGFYSR SYSETQl Tk | WhergR o
said conpensator receiving output signals Sl and SQ fromsaid I/
channelVapRle VG&giare L@Gﬁ‘ﬁ@r?é'&i'@%? lé%ﬁ»%ﬁﬁ@ iaﬁ@ G4 lsamfg]ﬂaapﬂsa'd% LOs
anplifiers (VGA), conpensating for the msmatch of said output

si gnal $Ng|saih ¢ Conixesmd eePEEHVEAY-i ng 1/ Q phase and 1/Q gain 5

m smat ches of said 1/Q LGCs and said I/Q m xers, said conplex filter
si gnal extractor

6. The self-tuned image rejection downconversion system of claim 1, wherein_ a high
10 image rejection ratio (IRR) can be reliably achieved, regardless of how large a

mismatch between said | and said Q channel exists.

7. The self-tuned image rejection downconversion system of claim 1, wherein the 1/Q
matching of said closed loop feedback path is self-tuning.

15
8. A fully integrated self-tuned image rejection downconversion system with feedback
for use in low intermediate frequency (IF) receivers with high image rejection ratio,

comprising:

20 a forward path, receiving a combined radio frequency (RF) and image (IM) signal
(RF+IM), said forward path comprising an | and a Q (I/Q) local oscillator (LO), a
quadrature | and a Q (I/Q) channel mixer, a compensator, and a complex filter signal
extractor, said quadrature | channel mixer receiving said RF+IM signal and a signal from

said | LO, said quadrature Q channel mixer receiving said RF+IM signal and a signal

30



receiving signals SCI and SCQ from sai d conpensator, said conpl ex
filter signal extractor extracting an IF and an | F i mage signal and
providing said extracted IF and | F inage signal at the output of
said forward path, said forward path used for frequency conversion;
and 10 jmdoaegh@mck path conprising a correlator, and a gain msmatch
estimator, said correlator receiving the output of said forward

o A SHECTLE] B AP SRS R o

desi red extracte nal ,
' ¢ Ui . . : : . _
oo A AP hEABSL I SR oS oo
VGA ' | f . , d L NQ.

Seoond ekl SR B SRR it RS LB o g o e
5o P BN ot 38 Bl bl S oo HBs BT AP L 7 b
2 bt RO s HERL AR B G HCE vl HsRomPiex et exrartas

U T oot TEROINGL Hanals TSR Il ORSameeEBiorosait e Hysianals
both additive and 25 subtractive, 31 I,I\/EOiL-Q 0 11. The self-talnlgd

i mage rextra@star Sxtrasting sRVE RN By Whags sienal andPeviging seichextigrted IF and IF

image signal at the output of said forward path, said forward path used for frequency
conversion; and
10
a feedback path comprising a correlator, and a gain mismatch estimator, said correlator
receiving the output of said forward path, said correlator calculating the correlation
between said desired extracted IF and IF image signal, said gain mismatch estimator
receiving a signal from said correlator, said gain mismatch estimator adjusting the gain
15 of said first and said second VGA, said closed loop feedback path thereby detecting,
estimating, and canceling I/Q mismatches between said 1/Q mixers and said /Q local

oscillators (L.Os).

9. The self-tuned image rejection downconversion system of claim 8, wherein said gain
20 mismatch estimator is used to decide automatically the direction of the adjusting of the

compensation gain of said VGAs.

10. The self-tuned image rejection downconversion system of claim 9, wherein the
direction of the adjusting of the compensation gain of said VGAs is both additive and

25 subtractive.
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vari able VGAs are used to elimnate 1/Q phase and I/ Q gain m snat ches
of said I/QLGCs and said I/Q m xers, respectively. 5 12. The

sel f-tuned i mage rejection downconversion system-of claim@8, wherein
a high image rejection ratio (IRR) can be reliably achieved,

regar dljggm1ohithow | arge a msmatch between said | and said Q channel
exists. 10 13. The self-tuned inmage rejecti on downconversi on system
of claim8, wherein the 1/Q matching of said closed | oop feedback
path is self-tuning. 14. The self-tuned i mage rejection

Sonconyer s o, S A on RSN SGFR L bR e
U0 5Bl BB e AN S 04, BISAEES Bt g 0

downconve si.&n/cf stemw th .f?edback for use in lowinternedi ate
frequerﬂf&F{ﬁ' y SetESPEPYYEY gh i mage rejection ratio,

corrpgi sing: 20 a forward path, receiving a conbi ned radi o frequency
(RF)”and imge (IM signal (RF+IM, said forward path conprising an

| and a Q (I/ | ocal oscillator (LO, a uadrature | _and [ /.Q
channel 12 xeH® selbbischasas: fiehienEanRanYarSon Susted ghanm By Ihaiaioe
said quadrature | channe] mixer receiving said +IM si nal_and a

si gnal Mglimnage rejeetiorpraiio (IRR) can be reliably achieved, regardiess of how large a

mismatch between said | and said Q channel exists.

10 13. The self-tuned image rejection downconversion system of claim 8, wherein the

I/Q matching of said closed loop feedback path is self-tuning.

14. The self-tuned image rejection downconversion system of claim 8, wherein said
complex filter signal extractor separates said desired extracted IF and IF image signal

15 through the uses of a complex filter with positive and negative frequency passband.

15. A fully integrated self-tuned image rejection downconversion system with
feedback for use in low intermediate frequency (IF) receivers with high image rejection
ratio, comprising:

20
a forward path, receiving a combined radio frequency (RF) and image (IM) signal
(RF+IM), said forward path comprising an | and a Q (I/Q) local oscillator (LO), a
quadrature | and a Q (I/Q) channel mixer, a compensator, and a complex filter signal

extractor, said quadrature | channel mixer receiving said RF+IM signal and a signal from
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said | LO said quadrature Q channel m xer receiving said RF+I M
signal and a signal fromsaid QLO said I/Q channel m xer
downconverting said RF+I M signal, said conpensator receiving output
signals SI and SQ fromsaid I/ Q channel m xer, said conpensator,
conpri $iegitoye vari able gain anplifiers (VGA), conpensating for the 5
m smatch of said output signals SI and SQ and elimnating ]I1Q phase

and 1/ i 1. id |/ i s i

corpl ¢ R 02 SR TRERR IR Q. Pl Do Rl Suf MM Eaod B s

- said ¢ ensatQr,, I I fi.l i L. ) i

E and 0 PRO G NGRS Mt ol R AT R VRS GRATheR "

i [ I t he .out put of .said th,. sghd,f d h

UZZ‘%elf ST Ragarcyeal ot e aRns o iR A MM e R R g el
rrel ator, and in . msmatch estinmator, . .sai | at

he. outpliPeaRaios, ePrmRSEs S aeRabEeanPpILea: by CRY Crispgnina! the'”

correl ati b id desired ted | F and ' i I

ol o qaATRISER TR DU B PRE G i Singan UJ shrsgppd 14 S

correlator, said gain msmatch estimator adjusting the gain of said

first anamatshessdsaitiliUds sadsaid HQemlnea%pSaﬂ%eamgth fﬂtﬁgﬁ'qn?éreéﬁ@cfor

detecting, A estimating, and canceling |I/Q m smatches between said I/Q

ni xer s re¢riviegisigngleS@@nd Seeiremaaiy sompensatoposaid complexiigy signal

signal unit disposed between the output of said conplex filter signal

ext r actestragion extactingan lbangdanFeigrags sigoal awkpwividing safeextracded i and IF

and Q signals at the output of the conplex filter signal extractor

wi | | bémagerisigred ahtheaoutpnhbsaid ifgmeardtaath pyaid farward patmpsad fay fraspiency

correlator; and
10 conversion;

a feedback path comprising a correlator, and a gain mismatch estimator, said correlator
receiving the output of said forward path, said correlator calculating the correlation
between said desired extracted IF and IF image signal, said gain mismatch estimator
15 receiving a signal from said correlator, said gain mismatch estimator adjusting the gain
of said first and said second VGA, said closed loop feedback path thereby detecting,
estimating, and canceling I/Q mismatches between said [/Q mixers and said 1/Q local

oscillators (L.Os);

20 a first complex signal unit disposed between the output of said complex filter signal
extractor and the input of said correlator wherein the desired IF | and Q signals at the
output of the complex filter signal extractor will be combined as a compiex signal to

provide the input to the correlator; and
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25 33 1 ME01-010 a second conplex signal unit di sposed between the
out put of said conplex filter signal extractor and the input of said
correlator wherein the desired image IF | and Q signals at the

out put of the conplex filter signal extractor will be conbined as a
conpl eypsiogo@ogto provide the input to the correlator. 5 16. The

sel f-tuned i nage rejection downconversion system of claim 15, wherein

i rect oty SEATEh o Ba B BFeBh bR oBH Sk ig: sigge

17. Th | f-t i i ecti ' f_cl.al

O e e S R
id V i ddi t | d. bt ti 18. Th | f-1 d i

" o] ect 1R OHERM 5 IR erble SR siarey Sefrarnr 181 bRAambited 5 = Cgr FRFLO

VGAs are u ertj to elim'tnate II/ phase and 1/Q gain m smatches of said

1/ Q LOsDro‘ﬂaﬂ e NPyt fothe G¥Felaespecti vel y. 19. The sel f-tuned i mage

rejecti on downconversion systemof claim15, wherein a high inmage

rej ettion ratio (IRR) can be reliably achieved, regardl ess of how

large a 20_m smatch between said | and said Q channel exists. 20., ,

The sel'-t uhBa seffdyaed dnage reiRcCiRIMABYAGRIErBIRNSyStaTob Eladmaldmwherein said

wherein the. . . . i _
gain mismatch estimator is used to decide automatically the direction of the adjusting of

the compensation gain of said VGAs.

10 17. The self-tuned image rejection downconversion system of claim 16, wherein the
direction of the adjusting of the compensation gain of said VGAs is both additive and

subtractive.

18. The self-tuned image rejection downconversion system of claim 15, wherein two
15 variable VGAs are used to eliminate I/Q phase and I/Q gain mismatches of said I/Q LOs

and said I/Q mixers, respectively.
19. The self-tuned image rejection downconversion system of claim 15, wherein a
high image rejection ratio (IRR) can be reliably achieved, regardless of how large a

20 mismatch between said | and said Q channel exists.

20. The self-tuned image rejection downconversion system of claim 15, wherein the

1/Q matching of said closed loop feedback path is self-tuning.
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I/ Q matching of said closed | oop feedback path is self-tuning. 34

| MEO1- 010 21. The self-tuned image rejecti on downconversion system
of claim15, wherein said conplex filter signal extractor separates
said desired extracted IF and | F i nage signal through the uses of a
conmpl epEOML®Ig W th positive and negative frequency passband. 5 22. A
met hod of providing a fully integrated self-tuned i nage rejection
downconversion systemw th feedback for use in |low internedi ate
frequency (IF) receivers with high image rejection ratio, conprising

t he st f L

505 Pquel S PR PP Rl e e
i RF+| dr d I
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| F band and extracting said desired RF and IMsignal; 20 d) tuning

the RF and the IMfilter to a central frequency I F and -fl1F,

respectl veI é.)mt hus separati n?uit he desjred | F signal fromthe inmge

| F si grid eodRfirePHginge fully 'f‘?@(ﬂ%@@l@‘ﬂﬁdb‘ﬁeﬁiémélﬁdﬁﬁﬁ"é'&l ly

cancel t he m smat ch between sai d
downconversion system with feedback for use in low intermediate frequency (IF)

receivers with high image rejection ratio, comprising the steps of:

10 a) providing an input signal composed of the desired radio frequency (RF) and image

(IM) signal,

b} downconverting said incoming RF+IM signal utilizing a quadrature mixer | and Q and
an | and Q (I/Q) channel local oscillator (LLO);
15
c) providing a complex filter signal extractor made up of complex filters RF and IM,
thereby shifting the spectrum of the desired RF and IM signal to the IF band and

extracting said desired RF and IM signal;

20 d) tuning the RF and the IM filter to a central frequency +fir and -fir, respectively, thus

separating the desired IF signal from the image IF signal;

e) introducing next a feedback loop to automatically cancel the mismatch between said

I/Q LOs and said quadrature mixers by employing, via a correilator, the correlation
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I/ Q LGCs and said quadrature m xers by enploying, via a correlator,
the correlation 35 I MEO1-010 characteristics of the desired |IF and
image IF signals; and f) utilizing a gain msmatch estinmator to
continuously adjust the gain a and /3 of variable gain anplifiers
(VGAs) pmedofy respectively, said VGAs di sposed between 5 mxers |
and Q and the conplex filter signal extractor, and used to elimnate
I/ O phase i ] ] .sal / said I/ Q m xer,
t hus incré:ggﬁanééé'%t&% ﬁrtnﬁ%ggr&téjgégﬁfﬁﬁﬁ l'?‘%bfgé#(sﬁi%§%@d The net hod of
claim?22, wherein the desired I[IF 1 and Q signals at the output of 10
the conplex filter signal extractor are conbined into a conpl ex

i I ide the, i t to th | at oy . 24...The net hod, of

ol a1 25, RN PR isRAGE smadhle oumaRy adkieS SahueTor Phe
Srovi do. t Yaratin e ampiiSisAS Thmt fad o roascctvly’ sBihIG s arstn asiveen
wher ei id gai ti mat tically decid th i Li
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22, wherein the adjusting of the present value of a and_  depends on .
the previ BiadsganddQgaip Risatehemal $aid U EisAnRd $3i8 MQ Mixph thits increasing

correlator. . 36 o )
the image rejection ratio (IRR).

23. The method of claim 22, wherein the desired IF | and Q signals at the output of
10 the complex filter signal extractor are combined into a complex signal fo provide the

input to the correlator.
24. The method of claim 22, wherein the image IF | and Q signals at the output of the
complex filter signal extractor are combined into a complex signal to provide the input to

15 the correlator.

25. The method of claim 22, wherein said gain estimator automatically decides the

positive or negative orientation of the adjustment.

20 26. The method of claim 22, wherein the adjusting of the present value of a and g

depends on the previous value of ¢ and £ and the previous input from the correlator.
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