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On the Architecture and Performance of a Hybrid
Image Rejection Recelver

Chun-Chyuan Chen and Chia-Chi Huang

Abstract—This paper describes a hybrid image rejection than other traditional receiver architectures [8]-[10]. Neverthe-
receiver. The hybrid image rejection receiver contains a modified |ess, this architecture comes with several drawbacks [11]. For
Hartley image rejection mixer and a digital image rejection jngiance DC-offset due to self-mixing and flicker noise near

processor. The modified Hartley image rejection mixer performs - . .
similarly to an original Hartley image rejection receiver but DC frequency in the devices substantially corrupt the baseband

provides two digital outputs. In one output it enhances the desired Signal. Moreover, the mismatches between the in-phase and
signal, and in the other output it enhances the image signal. The quadrature phase channels also distort the baseband signal
digital image rejection processor first measures the mismatching constellation, thereby degrade the SNR performance. These
effect in the analog devices and then suppresses the image signalr /5y mismatches can be reduced through a careful circuit
by compensating for the mismatching effect. We also propose ® design and fabrication procedure [12]. Nevertheless, both
simplified implementation method for the hybrid image rejection g . . P SN !
receiver to reduce its Computation Complex|ty Computer sim- DC-Of’fSGt and ﬂ'Cker noise pr0b|emS are St'” dIﬁICU|t tO deal
ulation was used to evaluate the performance of this simplified with and require further efforts to overcome [13].

implementation method to includ_e the _quantization effect intro- Alow-IF receiver architecture can be implemented in a highly
duced by the A/D converters. Simulation results show that the ;y0qrat6d way and is not sensitive to parasitic effects such as

proposed hybrid image rejection receiver achieves much better . .
performance than the original Hartley image rejection receiver. DC-offset voltages and self-mixing products. However, this ar-

This architecture greatly relaxes the matching requirements of the Chitecture suffers severely from the image problem [14]. An
analog devices and has a low complexity for an IC implementation. image signal comes from an adjacent channel and cannot be to-

Index Terms—DPigital mismatch compensation, gain mismatch, tally removed by RF bandpass filtering. In 1928, Hartley intro-
hybrid image rejection receiver, low-IF, phase mismatch. duced an image rejection receiver which has a similar structure
as a single sideband (SSB) modulator [15]. The primary diffi-
culty with Hartley’s architecture is the serious degradation in
its image rejection capability due to both gain and phase mis-

HE CONTINUING evolution in both cellular mobile matches. For example, if the architecture needs to provide a

telephone services and personal communication serviggsdB of image suppression, its phase mismatch between the
(PCS) demands small-size handsets at low cost [1], [2]. iA-phase and the quadrature phase channels must be maintained
monolithic RF module with a highly integrated transceiveselow 0.F, even with no gain mismatch. This matching require-
architecture is required for fulfilling this purpose. Variousnent is very difficult to meet in a typical IC design.
transmitters designed with compact size and good performancqgﬂany methods have been proposed to improve the matching
have been proposed for different modulation schemes [3]-{§Jsyes in the low IF receiver architecture. Modifying the phase-
However, on the receiver side, it is still a major challenge iyt circuit was proposed in [16]. Careful tuning and trimming
search for well-designed and highly integrated solutions [6]. i, the analog circuits was introduced in [17]. A double quadra-

Conventionally, three types of receiver architectures hayge gownconverter makes the analog circuits more robust with
been used: the _heterody_ne receiver archltectur_e, the d'_“%%%pect to phase mismatch [18], [19]. Digital approaches for
conversion receiver archltec_ture, and the low mtermed_lqwe correction of /) channel mismatch were presented in [20]
freql_Jency (IF) receiver architecture. A he'Ferodyne receiVenq [21]. In [22], a complex least-mean-square algorithm and a
architecture requires two or more local oscillators (LOs) angl,jjfieq adaptive noise cancellation model were used to com-

external filters, including a very highy factor channel selec- ensate for the mismatching effect, which needed high compu-
tion filter at a high frequency band. These filters are usual&tion power

implemented with discrete components. Because a heterodyng e niionq| image rejectionreceiver architectures are imple-
receiver has good performance in its image rejection capabllﬂ,y

I. INTRODUCTION

A . b n nal ircui hni .Inthi r, we pr
and channel selectivity, it has been used in most applications o(ra ted by analog circuit techniques. In this paper, we propose a

. . . ) : brid analog and digital image rejection receiver architecture.
a long time [7]. Nevertheless, this architecture is not suitable . . o . .
. L o ; nlike conventional pure analog realizations, this architecture
for a single-chip integrated circuit design.

uses both analog and digital signal processing techniques to

A direct-conversion receiver architecture requires feW%ruPpress the image signal. This architecture adopts a modified

discrete components and achieves a higher integration ley, . 2o : o o
artley image rejection mixer and a digital image rejection
_ _ _ processor. The modified Hartley image rejection mixer has per-
Manuscript received September 30, 1999; revised August 9, 2000. formance similar to the original Hartley image rejection receiver
The authors are with the Communication Engineering Department, Natlorbal id diaital | . h he d
Chiao Tung University, Hsinchu, Taiwan, R.O.C. ut provides two digital outputs. In one outputitenhancesthe de-

Publisher Item Identifier S 0733-8716(01)01911-4. sired signal, and in the other output it enhances the image signal.
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Fig. 1. A hybrid image rejection receiver system.

In the digital image rejection processor, this hybrid receiver firguadrature oscillator signals and down converted to a low IF
measures thé&/() mismatching effects in the analog devices anbland. After IF bandpass filtering, the lower arm signal is subject
then suppresses the image signal digitally by compensatiioga—90° phase shift with respect to the upper arm signal. The
for the mismatching effects. The proposed architecture greaflyo bandpass A/D converters are used to generate two baseband
relaxes the matching requirements for analog circuits adiital signalsthrough an IF sampling technique [23]. The digital
achieves a very high degree of image suppression capabilityputput signalAg is obtained by adding signals coming from

In Section Il, we describe the proposed hybrid image rejeoth arms, and the digital output signBl is obtained by
tion receiver and derive its image rejection ratio (IRR) witisubtracting the lower arm signal from the upper arm signal.
mismatches in analog devices as parameters. In Section IIl, weédeally, the output signali  will be the desired signal and
describe a simplified implementation method for the proposée output signaBy will be the image signal. Due to the mis-
hybrid image rejection receiver architecture. Both the perfomatches in the analog devices, however, the sigpabreserves
mance and the numerical accuracy of this architecture wéhe desired signal more than the image signal, and the sigjnal
evaluated by computer simulations and the simulation resufteserves the image signal more than the desired signal. To fur-
are presented in Section IV. Finally, a conclusion is given #fier understand the signal contentslip andBg, we formulate

Section V. them individually as follows.
Assume that an RF input signal,(¢) is represented by
Il. AHYBRID IMAGE REJECTIONRECEIVER ARCHITECTURE vin(t) =R {s(t)ejwst} + R {](t)eﬂ'w} (1)

In this section, we describe a hybrid image rejection receiveherelR{-} is the real part notation. On the right side of the equa-
architecture. Its simplified block diagram is shown in Fig. 1. Ition, the first term is the desired signal and the second term is the
this architecture, a radio frequency (RF) signal is received loyage signalS(¢) and!(¢) are their equivalent baseband repre-
an antenna and passed through an RF front end to generasergations, and, andw; are their carrier frequencies. Ingeneral,
bandpass signal. The bandpass signal is then sent to a hybdth S(¢) andI(¢) are complex and can be represented by

image rejection receiver to suppress the image signal. S(t) =z, () + jus (1) (2)
The hybrid image rejection receiver can be divided into two T08) — 2 () 4 3
parts. One part is a modified Hartley image rejection mixer, and (t) = zi(t) + Jui(t) (3)

the other part is a digital image rejection processor. The motherex,(t) andy,(t) are the real and imaginary components
fied Hartley image rejection mixer generates two digital outp®f S(t), andz;(t) andy;(t) are the real and imaginary com-
signalsA  andBg, where the signali z emphasizes on the de-ponents ofl(t). Without loss of generality, the mixing opera-
sired signal and the signal; emphasizes on the image signaltion is assumed to be of a low-side injection type. This implies
The digital image rejection processor utilizes both the sighal ws — wi, = wr, — w; = wir, Wherewy,, is the local oscillator
and the signaBg to achieve a much higher degree of imagéequency andur is a low IF frequency.

suppression. Multiplying the signalv;,(¢) by the local oscillator in-phase

In the following three subsections, we first describe the mogignal and neglecting the high frequency components, we obtain
ified Hartley image rejection mixer. Then we introduce a singléhe signak.4 as
stage image_rejection processor. Next, we describe a multistage,, , — Loy(t) coswrrt — Ly, () sinwrpt + Sxi(t)
image rejection processor. 1 .
- cos Wit + Vi (t) sin wipt
A. The Modified Hartley Image Rejection Mixer = m{[(%xs(t) +52i(1) +J - (5us(t) — 5 (1))

The block diagram of the modified Hartley image rejection ) Cjwt} : (4)
mixer is shown in Fig. 2. This mixer is a hybrid analog and digitahssume the gain mismatch and phase mismatch between the
circuit which is essentially an extended Hartley image rejectidower arm and the upper arm are representea layndé, respec-
receiver. An RF input signak,(t) is mixed with the two local tively. We multiply the signal;, (¢) by m - cos(wr,,t —90° — )
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Fig. 2. The modified Hartley image rejection mixer.
and neglect the high frequency components to obtain the sigaat
!
vp as
B BE = EA - EB

vy = sma,(t) cos(wirt + 90° + 6) — Smy,(t)

= L . [(x,(n) — mas(n)cos 8 + my,(n)sin @
-sin(wirt + 90°+ 6) + $mw; (t) cos(wrrt —90° — )

2
+ z;(n) — ma;(n) cos 6 — my;(n)sin @)

1 : o
+ zmyi(t) sin(wret — 907 — ). ©®) + 7 (ys(n) — mys(n) cos @ — ma(n)sind
After applying an additional-90° phase shift, we obtain the — yi(n) — my;(n) cos § — ma;(n) sin 6)]
signalus; as = h3S(n) + hiI*(n) (10)
vp = tma,(t) cos(wirt + 0) — Smy, (¢) sin(wirt + 6) where
— $mw;(t) cos(wirt — 0) — $my; () sin(wipt — 6) o L
= L R{[(ma(t) cos§ — my,(t) sinb) hy = (? + ?mcos 0) +1 | ?ms?nﬁ
+ 7 - (mzs(t) sin @ + my,(t) cos 9) ha = (3 — gmcosf) +j - 3msing.
+ (—ma;(t) cos 8 + my;(t)sin 0) We observe from (9) that the gain for the desired signal,is

+ j - (ma;(t) sin 6 + may;(t) cos 9)]ejwwt}. (6) and the gain for the image signaliig. On thg oth(_er har_1d, we
_ i _ observe from (10) that the gain for the desired signakisind
From (L_l) and (6), we ob_serve the discrete-time equivalent baggs gain for the image signal is;. In general|h,| > |ho| as
band signalé” 4 andE'p in both arms are m approaches 1 ané approaches 0. Thus, the output signal
Ey =1 [(z.(n)+xi(n))+7-(y.(n) —wi(n))] (7) Ag emphasizes the desired signal, and the output sifal
emphasizes the image signal.
To examine the performance of this mixer, we define the
+ (—ma;(n) cos 8 + my;(n)sin6)] image rejection ratio (IRR) as the ratio between the output
+ L - [(mas(n) sin 6 + myy(n) cos ) “des!red sjgnal to image.signal power .ratio" and the input
+ (mai(n) sin 6+ mys(n) cos )] (8) “desired signal to image s[gnal power ratio.” From (9), we can
¢ ¢ calculate the IRR for the signalg as
wheren is the discrete-time index. Finally, the output signals ) ) ) )
Agp andBg can be calculated as IRR., = (|hl| E [|5(”)| ]) / (|h2| E [|—7(”)| ])

Ap=E4+Ep - E[|S(n) 2] /EL(n)P?]

2
Ep = % - [(maxs(n) cos @ — my,(n)sin )

2
= 3 - [(@s(n) + ma,(n) cos 0 — my,(n)sin b = IZ;IQ
+ z;(n) — ma;(n) cos 8 + my;(n)sin 6) m2 42 meosé -+ 1
+ 7 - (ys(n) + mys(n) cos 8 + mas(n)siné T2 —2 -mcosf+1° 11
— yi(n) + myi(n) cos 6 + ma;(n) sin 0)] Note that IRR, , has the same performance as that of an original

= h15(n) + hoI"(n) (9) Hartley image rejection receiver [14].
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Fig. 3. The single-stage image rejection processor.

B. The Single-Stage Image Rejection Processor ponent from the input signal ¢ to obtain the output signgh; -

To enhance the IRR performance of the modified Hartldy™o™M (9). (10), and (12), we get
image rejection mixer, the mismatching effects in the analog, ~— 4. —,.Bg
devices must be compensated digitally. In the digital image re— halhy)? ha|ho|?
jection processor, we compensate for the mismatches by elim- = TREERTRE] “S(n) + [TREERTNE]
inating the image signal component in the output sighalof [ha* + | [Pl + [ha
the modified Hartley image rejection mixer. Although this subtraction attenuates the desired signal, it sup-

The block diagram of a single-stage image rejection prgfesses much more the image signal. The IRR performance for
cessor is shown in Fig. 3. This processor contains a correlatifhe output signa...; can now be calculated as
2

I*(n). (13)

coefficient processor, a multiplier, and a subtractor. First, the b lhal2
correlation coefficient processor measures the mismatching ef- ‘% .
fects in the analog devices by calculating a modified correlation IRR, = = [a]? + ha?] [a ) (14)
coefficientp between the two signaldr and Br. Assume the dout holhal2 |7 |h2l®
desired signal(¢) and the image signdl(t) are uncorrelated |h1|? + [ha?
and have zero means, from (9) and (10) we get . . . S .
After cascading a single-stage image rejection processor with
E[AgBy] = E[(hiS(n) + hQI*(n))(th*(n) + hil(n))] a modified Hartley image rejection mixer, we obtain an overall
= hihoE [|S(n)?] + hahoE [|1(n)[?] IRR for the output signaj...; as the cube of the IRR that can be
achieved by using the modified Hartley image rejection mixer
Bl AgP] = E[(hiS(n) + haI"(n))(hiS™(n) + h31(n))]  alone [see (11)].
=M PE[ISM)[P] + [ho*E [|1(n)]?] , -
C. The Multistage Image Rejection Processor
E[|Bg|’] = E[(h35(n) + hiI*(n))(h2S™ (n) + haI(n))]

To improve the IRR performance, we introduce a multi-stage
= |haPE[|S(n) ] + |ha P E [[I(n)]?] image rejection processor. Its simplified block diagram is
shown in Fig. 4. We observe that multiple stages of digital de-
sired/image signal separators are cascaded with a single-stage
image rejection processor to make a multistage image rejection

whereE[-] is the expectation notation [24]. The modified cor:
relation coefficienp is defined and computed as

p= E[ApBg] processor. Each stage of digital desired/image signal separator
E[|Ag]?] + E[|Br|? is used to further separate desired signal from image signal,
hiho (E [|5(n)|2] +E [|](n)|2]) and vice versa. Theoretically, we can obtain better and better

= (] + [h2?) (B[S + E[[H(n)[2]) IRR performance by cascading more and more stages of the

hiho d_igital desire_d/image_sigpal separators with a final stage of
=Ty T (12) single-stage image rejection processor.
|2 + | Fig. 5 shows the block diagram of a digital desired/image
Note thatp depends only on the mismatches in the analog dsignal separator. This device is a modification from a single-
vices. stage image rejection processor. In this device, the correlation
We estimate the image signal component within the signabefficient processor is the same as the one in the single-stage
Ag by multiplying the input signaBg with the correlation co- image rejection processor. In addition to the original output
efficient p. Then, we subtract the estimated image signal corsignal A..,,;, an extra output signadb,,; is generated to enhance
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Fig. 5. Digital desired/image signal separator.
the image signal for the next stage input. To examine the furildew we can rewrite (15) and (16) as
tion of this device, we derive the output signals,; and By
below. LetAy, = Ap, By = Bp, Aow = AL, andBoy, = AY = HOS(n) + HV T (n) (17)
BS). From (13), we can directly calculate the first stage output BS) = H,*OS(n) + H,*OI*(n) (18)
signaIA%) as
where
LE[AgpB3]
AD = ap - E x B
N A o= PP g o o felhal
2 2 [P+ e |ha]” + |h2]?
__falll” S(n) + _talhel” -I*(n). (15)
|ha]? + |2/ |ha]? + |2/

since|HV|/|H®| > |hy]/|h2], the output signak’? pre-
Reversing the order afiz and Bg and applying the complex S€rves more desired S|gnal as compared with its input sigpal

conjugate of the correlatlon coefficient, we can calculate the firdfd the output signaBy;’ preserves more image signal as com-
stage output S|gna¥BE as pared with its input signabB . In a similar way, we can derive

the output signalslg) anng) for the second stage of the dig-
* ital desired/image signal separator as
E [|AE| ] + E [|BE| ] (2) 2 (2) 7%
hs|ho|? g | |? I 16 Ap’ =H;75(n) + H," I"(n) (19)
T+ R (n) + |hi]? + [ha]? (n). (16) B = H,*@8(n) + H,* 1" (n) (20)
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Fig. 6. A simplified implementation method for the proposed receiver.

where I1l. A SIMPLIFIED IMPLEMENTATION METHOD FOR THE
5 PROPOSEDRECEIVER ARCHITECTURE
H |H{|
H® —

a

5 5 The image rejection receiver architecture we described above
‘H,gl)‘ + ‘H,fl)‘ utilizes digital signal processing techniques to enhance the IRR
performance. Extra computations, such as correlation coeffi-
and cient calculations, are needed to implement the architecture. In
this section, we propose a simplified implementation method
for this receiver architecture to reduce its computation require-
H® _ ments. Here, we assume the mismatching effects in the analog
b ‘Ho)‘? I ‘Hu)‘?' devices are fixed such that the computation of the correlation
“ b coefficients can be done in an off-line processor.

2
B |

In a similar way, we can achieve better separation between thé:ig' 6 shows the block d_iagram of the sim_plified _imp_lg-
desired signal and the image signal by cascading more gntation method. The architecture now contains a simplified

more stages of digital desired/image signal separators. Finalfy29€ réiection receiver and an off-line correlation coefficient
a single-stage image rejection processor is used to furtl% Cl.JI.ator. The S|mpllfled image rejection receiver consists ofa
eliminate the image signal and obtain the final output signal modified Hartley image rejection mixer, a programmable data
From (17) and (18), we observe that the IRR for the Outp[ﬁgister, a multiplier, and a subtractor. The off-line correlation
signal is the cube of the IRR for the input signal for each stage gfefficient calculator includes a training signal generator and
the digital desired/image signal separator. We can calculate ffeeduivalent correlation coefficient processor. This implemen-
overall IRR for the output signal..: of the multistage image tation method operates in a training mode and a receiving mode

rejection processor as separately. In the training mode, the training signal generator
generates a desired signal and an image signal simultaneously,
IRR,,,, = P x 3 (dB) (21) and sends them to the modified Hartley image rejection mixer.

The desired signal and the image signal are assumed to be
where P, is the IRR of the modified Hartley image rejectionuncorrelated. The two output signals of the modified Hartley
mixer in dB scale, andV is the number of stages (includingimage rejection mixer are then sent to the equivalent correlation
the final stage) in the multistage image rejection processor.caefficient processor to calculate an equivalent correlation
multistage image rejection processor requires higher computaefficient. To understand the meaning of the equivalent corre-
tion power than a single-stage image rejection processor, bugation coefficient, we reformulate the correlation coefficient for
greatly enhances the IRR performance. each stage of the multistage image rejection processor.
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Through substitution, we can reformulate the second stage cor-
Send a training signal to the relation coefficient of the multistage image rejection processor
modified Hartley image as
rejection mixer

E [AS)BE*(U} .
P1L = 5 7 = E (24)
E UA;p\ } +E UBg\ }

— where
Generate two digital (1) *(1)
baseband output signals and c=E [AE Be }
let k=1 = E[(Ag — po - Be) (Bt — po - A%)]
= E[ApB3] - po - (E [|Ael’] + E [|Bel?])
+ p3 - E[A},Br]
v and
- (1) ‘2 ‘ (1) ‘2
Calculate and storage the s=k UAE } T [ B
correlation coefficient for [« = E[(Ap — po - Be)(A% — pj - Bp)]
the k-th stage + E[(Bg — p§ - Ae)(BE — po - AR)]

= (1+41pol?) (E [|AEl’] + E [|Bel?])
— 2po - E[ApBg| — 2p8 - E[ApBE)-
Substituting (23) to (24), we can obtain as

2
No _ _Po- |pol ] 25
k=k+1 pl 1_3|p0|2 ( )

In a similar way, we can deduce that thth stage correlation
coefficient can be represented by the- 1)th stage correlation

y

The last stage ?

Yes coefficient as
2
Pin—1) * |P(n—1)l (
— fnz) TP 26)
T 1=3 P
Calculate the equivalent After computing the correlation coefficient for each stage, we
correlation coefficient can calculate an equivalent correlation coefficient for a multi-
1 stage image rejection processor.

Consider anV-stage image rejection processor, the output
signal A gy of the N'th stage can be represented as

A A1)
A(E]’\) = [1 _pN—l] ) 5\7—1)
Send the equivalent Bg
correlation coefficient to the 1 .
programmable data register =[1 —pn_1]- [ N PN _2}
“PN-2 1
L )]
Fig. 7. The flow chart for the training mode. ~Po 1 B
A
L —o1 ol | 57 ]
From (15) and (16), the signaJ$§q) andB;j) can be repre-
sented in a matrix form as — . {gﬂ 27)
E
A(;) 1 —po Ap wherepg, p1,--.,pn—2, pnv—1 are the correlation coefficients
(‘1) {_ N 1 } [B } (22) of all the stages ané is defined as an equivalent correlation
Bg Fo & matrix, which is represented by
. . . b=t ¢l
wherepy is the correlation coefficient and 1 —pN_2
=1 -pn]- { . 1 }
—PN-2

_ E[Ap B3]
P~ ElAsP] + EBeP]

L o
(23) |:—p’6 | } (28)
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TABLE |
SIMULATION PARAMETERS
Resolution of the A/D converters, M 8, 10, 12 bits
Number of stages (including the final stage), N 1~7
Phase mismatch, 0° ~ 76°
Gain mismatch, m 0.5dB ~ 10 dB

Input ”desired signal to image signal power ratio”, o, 0 dB ~ -95dB

—@— M =12vbits
—— M =10vbis
60 — —@— M -sbis
&- & & ©&- b &
- * *> * *
L L n L] I
40 —

20

Hartley Image Rejection Receiver

—

Image Rejection Ratio with Quantization (dB)

-

! ' ! ! ! '
1 3 5 7

Number of Stages (including the final stage), N

Fig. 8. Image rejection ratio performance at different A/D resolutiens & 0 dB,m = 2 dB, andd = 15°).

Both ¢; and¢, are functions ofsg according to (26), and we mixer to obtain two digital output signalsl’ and B’. We sub-

define the equivalent correlation coefficigngs tract the signald’ from the product of the signab’ and the
stored equivalent correlation coefficiemtto obtain the output
W= _%_ (29) signalyoyt, i.€.,
1
Yout =A _N'B/~ (30)

After the equivalent correlation coefficientis computed, we
send it to the programmable data register (see Fig. 6) and coheceording to the analysis we have done above for the training
plete the training mode operation. The training mode operatiorode, the IRR performance of the output signal; in Fig. 6
can be understood in more detail by examining the flow chastequivalent to that of a multistage image rejection processor.
shown in Fig. 7. This whole training process can be done asahe simplified implementation method eliminates most of the
off-line procedure. computations by calculating an equivalent correlation coeffi-

In the receiving mode, an RF input signal is received from arient. This can be done when the receiver is being manufac-
antenna and goes through the modified Hartley image rejectimmed. In practical implementation, the mismatches in the analog
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Fig. 9. Image rejection ratio performance at different A/D resolutiovis= 2, «;,, = 0 dB, andm = 1 dB).

devices might be a function of frequency and temperature. tmbe complex baseband sinusoidal signals with frequency 2 kHz
such a case, we can calibrate the receiver system at a diffemmd 3 kHz, that is,

frequency and temperature in advance. In real system opera- 3 o 3

tion, we can dynamically adjust the equivalent correlation co- ~7(f) = €os(2m -2 x 10;) +‘{ ' S?n(% "2 X 103t)

efficient if we can closely monitor the variations in frequency ~ I7(t) = cos(2m - 3 x 10°¢) + j - sin(27 - 3 x 10°¢).

and temperature. In the receiving mode, the desired sigiaj(¢) and the image

signallr(t) are assumed to be complex baseband signals where

Sr(t) =na(t) + 7 - ns1(t)

The performance of the hybrid image rejection receiver was Ig(t) = nea(t) + 7 - nsa(t)
evaluated by computer simulation. The quantization effect in—h q ind dentl
troduced by the A/D converters [25] was included in our eval(f"€"€ ”Ca(t)’ ”51@’ ”.C?(t)l’ an h”52(t.) alre.m ependently
ation. The simplified implementation method for the propose%enerate Gaussian signals. Other simulation parameters are

image rejection receiver as shown in Fig. 6 was adopted in diyenn Table . In _order to myeshgate the |mpr_ovement .Of the
simulation. IRR performance in cascading a multistage image rejection

processor, the numbeV of stages of the multistage image
rejection processor was varied from 1 to 7. The phase mismatch
parametef and the gain mismatch parameterwere used to

In our simulation, we assume the input signals are two comrodel the imbalance of the two arms (see Fig. 2). Due to the
plex tones in the training mode and two complex Gaussian sigismatches in the two arms, the input signal power to the A/D
nals in the receiving mode, respectively. In the training modegnverters is different in general. Without loss of generality,
the desired signalr(¢) and the image signdl-(¢) are assumed we assume the signal power in the lower arm is stronger than

IV. PERFORMANCEVERIFICATION BY SIMULATION

A. Simulation Method and Parameters



1038 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 6, JUNE 2001

60 —
—4— M =12bits
—— V=10bits
L
—@— M =8bits
m
Z
=
2
K 40 —
=
<
=
o
=
< -
g
=
o
=
=
'8 20 —
I°%
[=4
(]
-14]
<
£
= Hartley Image Rejection Receiver
0 I | | | | | T

0.5 2.5 4.5 6.5 8.5
Gain Mismatch (dB)

Fig. 10. Image rejection ratio performance at different A/D resolutions<£2, a;,, = 0 dB, andd = 1°).

the signal power in the upper arm. In order to minimize th€his IRR measure is used to evaluate the performance of the
guantization distortion, we normalize the input signals to fit iproposed image rejection receiver in our simulation.

the dynamic range of the A/D converters according to the signal

power in the lower arm. With the complex sinusoidal inpu8. Simulation Results

signals, the input signals to the A/D converters were limited by To examine the quantization effect on the IRR performance,
the maximum magnitude of the input signal in the lower armye simulated the simplified implementation method at 8, 10,
With the complex Gaussian input signals, the input signals #d 12 bits resolutions of the A/D converters. Fig. 8 shows the
the A/D converters were limited by three times of the standaggnulated IRR performance versus the number of stages (in-
deviation of the input signal in the lower arm. In the trainingluding the final stagelNV. In this simulation, the input “desired
mode, the input “desired signal to image signal power ratigignal to image signal power ratiat;, was set to 0 dB. The
parametery;, was set to 0 dB. In the receiving mode, the inpujain mismatch and the phase mismatch were set to 2 dB and
“desired signal to image signal power ratio” parametgrwas 15°, respectively. The IRR performance of the original Hartley

varied within the range as shown in Table I. image rejection receiver, which is computed by (10), is also
Including the quantization effect, the output signal ofthe  shown for comparison purpose. When the number of stages is
proposed receiver can be represented as one (V = 1), we observe that the IRR of our receiver is nearly

= Yt Yim + O (31) three times the IRR (in dB scale) obtainable from the original
Hout = Yd 7T Yim " Hartley image rejection receiver, which agrees with (21). As the
wherey, is the desired signal component,,, is the image number of stages increases, the IRR performance improves and
signal component, both from floating-point calculation, &hd remains a constant when the number of stages exceeds two. In
is the overall quantization noise. From (30), (9), and (10), theldition, we observe that the IRR performance becomes better
desired signal componeg}; can be calculated ag = (h; — and better as the bit resolution increases.
w-h3) - S(n) by replacingA’ and B’ with Ap and Bg. We de- Fig. 9 shows the simulated IRR performance versus phase
fine an image rejection ratio (IRR) with quantization noise asmismatches. Here, the number of stag¥$ fvas set to 2. The
) input “desired signal to image signal power ratia;, was set to
IRR = 101log E {lyal?] — i (dB). 32) O dB and the gain mismatch was set to 1 dB. We observe from
E [[yous — yal?] this figure that the IRR performance of our receiver is much
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Fig. 11. Image rejection ratio performance at different A/D resolutiovis£2,6 = 1°, andm = 1 dB).

better than the original Hartley image rejection receiver. THRR performance versus;, values. The gain mismatch was
IRR performance also becomes better as the bit resolution &t to 1 dB and the phase mismatch was set’toFrom the
creases. In addition, IRR does not vary much until the phafigure, we observe that the IRR performance improves as the bit
mismatch exceeds abodfi®. resolution increases. In addition, the IRR performance improves
Fig. 10 shows the simulated IRR performance versus gais «;, decreases and remains at a constant value wihers
mismatches and the IRR performance of the original Hartlé&elow about-30 dB.
image rejection receiver. In this simulation, the number of stagesFrom the above simulation results, we found that the IRR
(V) was also set to 2. The input “desired signal to image signaérformance of the hybrid image rejection receiver is limited
power ratio’«;, was set to 0 dB and the phase mismatch was d®t the quantization effect. Therefore, a higher resolution A/D is
to 1°. From this figure, we again observe that the IRR perfoneeded to achieve better IRR performance. For example, if we
mance of our receiver is much better than the original Hartleyant to achieve a 50 dB of IRR, we need to use an A/D converter
image rejection receiver, and it becomes better as the bit resth 12 bits resolution in the hybrid receiver system.
olution increases. The IRR performance of the original Hartley Although the IRR performance is limited by the quantiza-
image rejection receiver decays rapidly as the gain mismatchfion effect, it is quite insensitive to phase mismatch in the hy-
creases. However, the IRR performance of our receiver degrabdad receiver system. We can achieve good IRR performance
slowly as the gain mismatch initially increases. even though the phase matching is relatively poor. On the other
To investigate the effect of the input “desired signal to imageand, gain mismatch affects the IRR performance more but it
signal power ratio” on the IRR performance, we simulated thean be corrected also more easily. Therefore, the matching re-
simplified implementation method at differem, values when quirements for the analog devices in the hybrid image rejection
the number of stages was set to 2. Fig. 11 shows the simulatedeiver can be greatly relaxed.



1040

The mismatching effect in the analog devices is the main
problem of a Hartley image rejection receiver. In this paper, wél7]
presented a hybrid image rejection receiver architecture. This
architecture utilizes both analog and digital signal processingig)
techniques to compensate for the mismatching effect and sup-
press the image signal. This method is shown to be able to efig
fectively enhance the image rejection ratio (IRR) performance.

We also proposed a simplified implementation method for
the hybrid image rejection receiver to reduce its computatio
requirements. The performance of the simplified implementa-
tion method was simulated to include the quantization effect21]
Our simulation results demonstrated that the IRR performance
of the hybrid image rejection receiver is much better than thep2
original Hartley image rejection receiver and is insensitive to
the phase mismatch. This architecture not only greatly relax
the matching requirements for the analog devices but also pro-
vides a feasible solution for an IC implementation.
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