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Abstract—The reasons for a degradation of image-rejection
performance in double-quadrature-double-quadrature and
single-quadrature-double-quadrature dual-conversion low-IF
downconverters are fully discussed in this paper. Polyphase filters
(PPFs) are inserted at proper positions to minimize the effects of
device/signal mismatches, and thus improve the image rejection
without calibration. Both a 0.35-zm SiGe heterojunction bipolar
transistor 5.2-GHz double-quadrature-double-quadrature down-
converter with an RF PPF and a 0.18-pum CMOS 2.2/4.8-GHz
single-quadrature—double-quadrature downconverter with a
switched-band low-noise amplifier (LNA) and a narrowband
inter-stage PPF are demonstrated. Compared with our previous
work, the 5.2-GHz downconverter achieves a 15-dB improvement
in image-rejection ratio (IRR) of the first image signal (IRR; )
even without a pre-selection filter or LNA. Additionally, the
dual-band downconverter has a 25-dB improvement in IRR of the
second image signal (IRR ), which nearly reaches the theoretical
limit of a four-stage PPF covering 20-40 MHz.

Index Terms—Dual conversion, Hartley architecture, image re-
jection, low IF, polyphase filter (PPF), Weaver architecture.

I. INTRODUCTION

LOW-IF down-conversion architecture is widely used

[1]-[3] since this architecture can eliminate dc offset
and flicker noise problems. A static or random dc offset may
cause a demodulation error while preposterous 1/ f noise may
cover up desired signals and results in a fatal detection error,
especially in a CMOS process [4]-[6]. On the other hand, series
capacitors can be added at the output to block the dc component
in a low-IF receiver because the down-converted signal is not
located at dc. The 1/f noise can be avoided by choosing a
proper IF band beyond the 1/ f noise corner. However, a higher
IF band results in higher power consumption for the subsequent
analog-to-digital converter (ADC). Besides, a dual-conversion
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downconverter alleviates the burden of a high-frequency local
oscillator (LO) signal generation, but two conversions have two
image bands to be suppressed.

In previous literature of dual-conversion low-IF down-
converters [7]-[10], including our previous work, the IRR;
was limited to about 4045 dB without a low-noise amplifier
(LNA); while the IRR, was unable to reach the theoretical
limit due to device/signal mismatch, layout path imbalance,
and process variations. In this paper, two Weaver—Hartley
dual-conversion low-IF downconverters are demonstrated with
large improvement in image rejection. A Weaver architec-
ture [11], [12] is a complex dual-conversion system, while a
Hartley architecture [13] consists of a complex mixer and a
complex filter such as a passive microwave coupler [14], a
polyphase filter (PPF) [9], [15] or an active complex bandpass
filter [3], [16], [17]. In this paper, a 5.2-GHz double-quadra-
ture—double-quadrature downconverter, using a preceding RF
PPF achieves a high IRR; at the cost of noise performance and
power consumption. Additionally, a 2.2/4.8-GHz dual-band
single-quadrature—double-quadrature receiver employs a
switched-band LNA to pre-filter the first image signal. An
inter-stage PPF, employed between the first- and second-stage
mixers, also achieves significant improvement in the quadrature
accuracy of output in-phase/quadrature (I/Q) signals and also
the IRR».

This paper is organized as follows. Single-band/multiband
quadrature signal generators are introduced in Section II,
while Section III reviews the Weaver—Hartley hybrid ar-
chitectures with emphasis on nonideal effects. Circuit im-
plementations and measurement results of a single-band
double-quadrature—double-quadrature Weaver—Hartley down-
converter and a dual-band single-quadrature—double-quadra-
ture Weaver—Hartley downconverter are reported in Section IV.
Conclusions are outlined in Section V, and finally, a dual-band
double-quadrature—double-quadrature Weaver—Hartley archi-
tecture is also proposed at the end of this paper for further
improvement in image-rejection ratio (IRR).

II. QUADRATURE SIGNAL GENERATION

A. Phasor and Complex Representations for Real Signals

A phasor (7 = Ae’?) includes the information of amplitude
(A) and phase () of a real signal. An arbitrary phasor sequence
(four vectors) can be decomposed into four balanced sequences
[15], [18], which are: 1) quadrature counterclockwise (right-
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Fig. 1. (a) Balanced phasor sets ﬁ, I , and T (b) Phasor set with amplitude

imbalance (A A). (c) Phasor set with quadrature phase error (¢). (d) Phasor set
with both phase and amplitude imbalance.

A=(4+4)/2
A=A -4,

handed) sequence ]_f; 2) quadrature clockwise (left-handed) se-
quence L; 3) collinear differential sequence D:; and 4) collinear
in-phase sequence I, as indicated in Fig. 1(a). A differential am-
plitude/phase imbalance affects the isolation and second-order
nonlinearity significantly, but not gain and image rejection [15].
Therefore, assuming a phasor sequence is fully differential for
simplicity, the phasor sequence is simply a linear combination
of a right-handed sequence R and a left-handed sequence L.
The right-handed sequence R(OO, 90°, 180°,270°) can be de-
noted as a complex signal exp(jwt), while the left-handed se-
quence L(0°,270°,180°,90°) represents exp(—jwt) [12]. In
addition, an error function (&) is defined as an amplitude ratio
of I and R to facilitate the analysis throughout this paper. Since
a down-converted image signal is at the opposite spectrum of a
desired signal, the reciprocal of the error function is equal to the
IRR.

For example, a phasor sequence with unbalanced amplitudes
(A = A+ AA/2(b) and A, = A — AA/2), as shown in
Fig. 1(b), can be decomposed into

V=AR+ =L (1)

with an error function

AA’_‘(Al—AQ) | o

(24)|  |(A1+ Az)

ET:’
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Similarly, a phasor sequence with a balanced amplitude (A),
but a quadrature phase error (¢), as shown in Fig. 1(c), can be
decomposed into

V = Acos (%)ﬁ—jAsin (%) L. 3)

with an error function
¢
tan | = )|. 4
an <2 “)

Generally, a phasor sequence with both amplitude imbalance
and phase error, as shown in Fig. 1(d), can be decomposed into

o (€ (8) ()
() (A ()

Hence, an overall error function becomes

€2 4 ¢2
= 1’"—24’2 (6)
+ere,

It is evident that either a phase error or an amplitude imbal-
ance produces an opposite phasor sequence. It is worthwhile to
mention that the reciprocal of calculated results is the IRR in an
image-rejection receiver described in [19, eq. (5.15)] with LO
quadrature amplitude/phase mismatches

A% +2A1 A5 cos ¢ + A3
A? —2A;1 A5 cos ¢ + A3

Ep =

Er — JE¢
1—jeger

Erg =

IRR =

(N

where (A7 + A3) = 2A%(1 +¢2),24; Ay = 2A4%(1 — €2), and
cosh = (1 — /(1 +€2).

B. Lumped Quadrature Signal Generation Methods

A distributed microwave quadrature coupler, such as a
quarter-wavelength coupled-line coupler, a Lange coupler, or
a branch-line coupler, occupies enormous die area, especially
for low-frequency applications (e.g., below 10 GHz). Instead
of microwave realizations, lumped quadrature signal genera-
tors are widely used at low frequencies. An RC-CR PPF is
one of the widely used solutions. The transfer function of a
single-stage PPF [see Fig. 2(a)] with a balanced quadrature
phasor sequence (l:f or E) is expressed as

1+ £
wo

Avesl) = 15025

®)

where wyg = 1/RC is the transmission zero of Ay ,_ and also
the pole frequency of both Ay, and Ay,—.
Thus, the equivalent error function is defined as
‘ Ayo_
AV o+

w — Wo

w + wo

. ©)

eo(w)

For a quadrature signal generation, the input differential
signal can be decomposed into R and L with the same ampli-
tudes; thus, the output error function has the same meaning as
the ratio of negative and positive signal gain, defined in (9).



SYU et al.: LARGE IMPROVEMENT IN IMAGE REJECTION OF DOUBLE-QUADRATURE DUAL-CONVERSION LOW-IF ARCHITECTURES

R 1RCoyp 7+ R R
- [+ I+
I+ 'ﬂw 1
34%_'1 2 2 R * RISC
O+ -0+ O+
, RIAE R L
34—{*»14 4Q_ I o o C_Q_

(a) (b) ©

Fig. 2. (a) Single-stage PPF with a balanced quadrature phasor input (ﬁ, or
L). (b) PPF with ¢ input shorted to ground. (c) PPF with I/Q input connected
together.

(2]
o

—— ;=00
—y=kwo

————— o=(1/k)wo ]
k=12 4

IRR (dB)
8

0.5 1 1.5 2
Normalized Frequency (Hz/Hz)

Fig. 3. IRR with a pole frequency deviation due to a process variation.

A single-stage PPF with Q) input shorted to the ground, as
shown in Fig. 2(b), has a quadrature output ratio

Qw) _ .w _

dl
I(w) _on

190% (10)

wo

The output phasor sequence belongs to a constant-quadra-
ture-phase sequence, illustrated in Fig. 1(b); thus, by (2), the
error function becomes

_ ’g (IRl - 11
QI+ 17]

w — Wy
w4+ wo

(1)

where wg = 1/RC.
On the other hand, a PPF with I/Q input connected, as shown
in Fig. 2(c), has a quadrature output ratio of

Qw) _1+sRC _ 1+jwwo _ jfaan~ (w/wa)] _ ,i(90°+)
I(w) “1-sRC = 1-2

(12)

where ¢/2 = tan™!(w/wy) — 45°
Therefore, the output phasor sequence has balanced ampli-
tudes, but a phase error ¢, the same as Fig. 1(c). By (4), the

error function becomes
2

As analyzed above, even though one topology always has
a quadrature phase difference while the other type always has
exact balanced amplitudes, the two PPF topologies have the
same error function.

Moreover, Fig. 3 shows the correspondent IRR of the PPF
(—201log|e,|) with a center frequency variation due to process
variation. If a center frequency varies 20%, the IRR is drasti-
cally degraded to only 20.8 dB. Therefore, the process variation

W — Wo

. 13
oo 13)

eo(w) =

1705

should be taken into account when deciding a sufficient IRR
bandwidth.

C. Wide-Band/Multiband Extensions by Multistage PPF

For a multistage PPF with a balanced quadrature phasor se-
quence (R or L), the transfer function can be expressed as

H AVmi

and its correspondent error function can thus be expressed as

L

Ay s
vE ZS?, + ZLz

(14)

W —w

w + w;

) T v @] i
) T vors )] =

=1

15)

where Avy,i+(w) is the open-circuited voltage gain of the
itn-stage PPE, defined by (8); Zs;/Zr: is the equivalent
source/load impedance of the ¢}, stage.

The Ay, of each stage is larger than 1 and reaches the max-
imum value of \/2 at the center frequency. Thus, the impedance
ratio between each stage and the input/output impedance domi-
nate the overall voltage gain/loss. On the other hand, the voltage
gain of the Ay, has a transmission zero and results in a nar-
rowband rejection response.

With different locations of transmission zeros of a multistage
PPF, there are three typical circumstances, which are: 1) nar-
rowband (wmax/Wminl); 2) wideband (wmax /wWmin > 1); and
3) multiband applications.

1) For a narrowband application, all the transmission zeros
are identical wo; thus, an N-stage PPF provides a total error
of e = ¢V, thus the error is reduced with increasing cascading
stages, as shown in Fig. 4(a). In other words, for a given tolerable
IRR (—201log |¢]), the ratio bandwidth becomes

Wmnax 14 el/N > 1+¢g 2
Wmin <1 — 51/N> N (1 —60>
where ¢ is the target error function after the PPF, ¢, is the error
function of one-stage PPF, and N is the number of stages.
Thus, for a target 40-dB IRR (¢ = 0.01) of a quadrature
generator, the ratio bandwidth becomes 1.041, 1.494, and 2.4
for single-, two-, and three-stage PPFs, respectively.
In addition, the voltage gain (or loss) of a multistage PPF
with the same center frequency can be calculated. By (14), the

voltage gain of an N-stage PPF at the center frequency can be
expressed as

(16)

n n

Z(i+1)
Avoy(wo)| = -
|‘/+(0>| H1+anz(1+l+z

=29n/? H (17)
=1 LF R(z+1)
where Z(1)(w0) = Ri/(l -f—J) = 1/[w00i(1 —I—J)],

wo = l/Rlc’l,Vt € {1,2,...,N},andZN+1 =75 =
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Fig. 4. Three-stage PPF on different pole locations. (a) Equal RC' pole.
(b) Unequal RC poles with an equiripple frequency response. (¢) Unequal RC'
poles for multiband applications.

Equation (17) shows that the increase of resistance lessens
the voltage loss when the last stage is open circuited [15]. How-
ever, in reality, the loading of the PPF is the gate (base) of the
active mixer core with capacitive impedance of 1/sC/,. Thus,
the input impedance is typically open circuited at low frequen-
cies, but degrades at high frequencies. The voltage gain should
be modified as

43
In+ Zy,

= [Avor(wo)|

|Av 4 (wo)| = [Aveqt (wo)

Although the increase of resistance can increase Ay, , the
small capacitance at the Ny, stage (C'y), resulting from a high
resistance (Ry ), may degrade the overall voltage gain, espe-
cially at high frequencies. Thus, an optimum voltage gain al-
ways exists if the source impedance (7 ) and the output loading
capacitance (C7,) are given.

2) For a wideband application, a multistage PPF with log-
arithmic increase of pole locations results in an equiripple
image rejection frequency response, as shown in Fig. 4(b). The
derivation of optimum pole locations for a minimum IRR of an
N -stage PPF had been proposed for a given ratio bandwidth
Wmax/Wmin [15]. Thus, for a target IRR, the number of stages
and the pole locations can be defined [15].

3) Finally, for a multiband quadrature generation, each stage
of a PPF is set at different desired frequencies, as shown in
Fig. 4(c). The image-rejection bandwidth becomes wider when
compared to the individual response because the distant away
transmission zeros still provide a certain effect on a given band.
Certainly, detailed information on gain and IRR bandwidth can
be obtained by simulation tools.
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Fig. 5. (a) Schematic of a double-quadrature complex mixer topology and its
complex representation. (b) Schematic of a single-quadrature topology and its
complex representation.
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Fig. 6. Block diagrams of a: (a) double-quadrature—double-quadrature dual-
conversion system and (b) single-quadrature—double-quadrature dual-conver-
sion system with nonideal input signals.

III. WEAVER-HARTLEY IMAGE-REJECTION ARCHITECTURE

A. Introduction of Weaver—Hartley Architecture

Mixing operations of complex double- and single-quadrature
topologies can be expressed by the complex signal mul-
tiplication, as shown in Fig. 5(a) and (b), respectively. A
double-quadrature mixer topology includes four real mixers
with two quadrature inputs, while a single-quadrature com-
plex mixer has two real mixers with only one of the two
inputs being quadrature. Double-quadrature—double-quadra-
ture/single-quadrature—double-quadrature Weaver—Hartley
architectures and their complex notations are illustrated in
Fig. 6(a) and (b), respectively. The desired RF signal and image
signals are down-converted to a low-IF band by the first LO
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(LO4) and second LO (LO-). The angular frequencies of the
desired, first image, second image, first LO, and second LO
signals are denoted as wrp, wim1, WiM2, WLO1, and wro2,
respectively. Additionally, the angular frequencies of the IF
signal after the first and second down-conversions are defined
as wrr1 and wipe, respectively.

The relations of the signals defined above can be expressed
as

wrF — (Wro1 + wro2) = (Wro1 + wro2) — wivz = wire
WIF1 = WLO2 + WIF2.
(19)

The operations of double-quadrature—double-quadrature/
single-quadrature—double-quadrature can be well explained
by the frequency shifting in the spectrum [12]. Since the
quadrature LO; signal exp(—jwr,01t) is located at the negative
spectrum, wrr, wimi, and wrye signals are first left-shifted
to wrr1 — wrir1, and wpo2 — wrre bands, respectively. Next,
signals are down-converted by exp(—jwrost); thus, these
signals are left-shifted to wire, wire — 2wrir1, and —wrr2 bands,
respectively. After the dual conversions of the Weaver system,
the first image signal is shifted out of the output low-pass band.
On the other hand, the down-converted second image signal is
located at —wrr2, which cannot be filtered out by the low-pass
filter, but can be highly rejected by the following [Fs PPF in
the Hartley system [10].

For a dual-band application, the polarity of the LO; signal is
set to be switchable (i.e., the input signal can be chosen to be
either left- or right-shifted for a complex mixing) [10]. In order
to reuse the second-stage mixers, the LO; frequency is set at
the halfway point between two application bands. That is, the
desired signal of the high-frequency band is the image signal of
the low-frequency band and vice versa.

The relations of these signals are given as follows:

{ WRF — WLO1 = WLO1 — WIM1 = WIF1

wRFH(wIMlL)—wLm = WwWLo1 —wIMlH(wRFL) = WIFr1
WRFH— (wLo1 +wLo2) = (WL01 +wL02) —WIM2H = WIF2
wIMzL—(wLo1 —wLo2) = (wLo1 —wLoz)—wRFL = WIF2
WIF1 = WLO2 + WIF2

(20)

where the suffix H and L represent high- and low-frequency
operation modes, respectively.

For the first conversion, the positive spectrum of the desired
signal (wgrpm) is left-shifted to wrr; at the high-frequency
mode, while the negative spectrum of the desired signal
(—wrrrL) is right-shifted to the same band (wir;) at the
low-frequency mode, as described in (20). Similar to the
single-band case, the first image signal is shifted away from the
output passband, while the second image signal is filtered out
by the following multistage PPF in the Weaver—Hartley hybrid
system. Note that this dual-band architecture cannot be real-
ized by a conventional double-quadrature—double-quadrature
topology because the double-quadrature—double-quadra-
ture receiver pre-filters out the negative RF signal, which
is our desired signal for the low-frequency operation mode;
however, a dual-band double-quadrature—double-quadrature
Weaver—Hartley receiver will be proposed in Section V.

1707

B. Nonideal Effects

Input I/Q signal mismatch and device mismatch of the mixers
are unavoidable for a practical circuit fabrication and lead to a
degradation of the IRR. The device mismatch can be referred
to an input I/Q signal gain/phase mismatch. When a quadrature
phase error or an amplitude mismatch exists, opposite phasor
sequence (or opposite complex-frequency signal) is induced, as
described in Section II-A. Imperfect input signals can be repre-
sented as a positive spectrum with an error negative spectrum

eIt 4 g e iwnt (21a)
where (wi,e1) € {(wrF,eRrF), (Wim1; emvi); (Wivz, €1m2) }
ERF, €1M1, and enyro are the input error functions at wrr, Wi,
and w\ie, respectively.

Similarly, imperfect quadrature LLO; and LO4 signals can
also be decomposed into

e—ijo1t eij01t

21b)
21c)

+ €ro1

e—JwLozt + €Lo2e]w1402t_

All of the error functions are much smaller than unity. Note
that, for the low-band operation of the dual-band architecture,
the LO; signal should be switched to e“Lo1t 4 gf o e—iwroit,
as shown in Fig. 6(b).

After the complex mixing operation at the first stage, as
shown in Fig. 6(a), we can obtain

eJ(wi—wLo1)t + 616L016_j(w1_w1‘01)t. (21d)

Here, the high-frequency terms are negligible thanks to the
inherent low-pass characteristics of active mixers.

By the same token, the outputs after the second conversion
can be expressed as follows:

eIt 4 eppp(r2)ERFELO1ELO2E 72! (RF input)
emM1€L0167 ! + eppr(1F2)ELO2¢ 7 ¥*2! (IM; input)
EIM2EL016L0267 2" + eppp(raye 71> (IM input)
(21e)
where eppr(1r2) is the error function of the PPF at the output of
the second-stage mixers.

Similar to a  double-quadrature—double-quadrature
down-converter, a  single-quadrature—double-quadrature
down-converter with differential input signals can be treated
as a complex mixing with the input error function ¢, defined
in (21a), equaling 1. The IF outputs of a single-quadra-
ture—double-quadrature down-converter are directly rewritten
as

Gworrat —jwrpat .
/12l + eppr(ir2)eLoteLoze 2" (RF input)
jwrrat —jwipat :
eLo1e’“"2" + eppprz)eLoze 1“2 (IMy input)  (21f)
€LO1EL026¢7 12" 4 eppp(paye 712" (IMy input).

Equations (21e) and (21f) provide detailed information for
IRR degradation. Compared with (21e) and (21f), the IRR4
of a double quadrature system is 51_1&1 times larger than that
of a single-quadrature system; thus, a fully double-quadrature
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Fig. 7. Block diagram of a 0.35-pm SiGe HBT double-quadrature—double-quadrature Weaver—Hartley low-IF downconverter.

system typically provides a higher IRR. However, if the quadra-
ture LO signals are not accurate enough, the IRR 5 still degrades,
but a double-quadrature—double-quadrature system suppresses
the effect of the LO quadrature accuracy by a factor of 51_1&2, and
thus guarantees that the IRR5 can be almost determined by the
IF; PPF. To solve the drawback of a single-quadrature—double-
quadrature topology, an inter-stage PPF centered at wip; with
a frequency response of eppr(1r1) is inserted between the first-
and second-stage mixers, as shown in Fig. 6(b). The outputs of
the modified dual-conversion system are described as follows:

jwirat —jwirat
e?¥Ir2% 4 eppR(1F2)ELO2EPPF(IF1)ELO1E <12

(RF input)

onpo16’ 1" +eppr(1r2) ELO2EPPR(IF1)E T2
(IM; input)

EPPF(IF1)ELO1EL0267 17! +Eppr(1F2)
(IMs input).

(21g)

e—ijFQt

The inserted inter-stage PPF guarantees a higher system dy-
namic range by reducing the large first image signal before en-
tering the second-stage mixers even though IRR; cannot be im-
proved [9]. However, when compared with (21f) and (21g), the
quadrature accuracy of the IF signal is further improved and
IRR5 can be further pushed to the theoretical limit of the IF5
PPF.

IV. CIRCUIT DESIGN AND MEASUREMENT RESULTS

A. 5.2-GHz Double-Quadrature—Double-Quadrature
Dual-Conversion Low-IF Downconverter

Fig. 7 shows the block diagram of a 0.35-um SiGe HBT
double-quadrature—double-quadrature dual-conversion low-IF
downconverter and corresponds to the architecture in Fig. 6(a).
In a double-quadrature—double-quadrature downconverter, both
the first- and second-stage complex mixers contain four Gilbert
mixers.

Correlated LO signals (I.O; and LLO5) with the same phase
error maintain a maximum IRR [12]. Fig. 8(a) and (b) shows the
mathematical expression and the schematic of the compensated
frequency doubler [20]; thus, the self-mixing dc offset, gener-
ated by the current phase delay (6), can be eliminated. The LO
frequency quadrupler in Fig. 7 consists of two compensated fre-
quency doublers to generate coherent signals with less phase
error.

A three-stage PPF is employed at the RF port for a quadra-
ture signal generation at three bands frr, fiv1, and frve. Since

vccC

]
%sin(2wt+0) % _IF.l— _’FF _]Fl- —L%L _Fl—l
- Y sintoy 7 agh{oe a1 l—f%fm 13Q1
+ Q+ _E—
8 cos(2wt +6) ? T

Cb1_I_ icba

% sinQwt + 6) Q3 Q4 Q5 Q6
1 .
T

cos(awt) M @

(@ )

Fig. 8. (a) Block diagram of a high-precision compensated frequency dou-
bler. (b) Schematic of the compensated frequency doubler employed in the LO
quadrupler (bias circuit is not shown for simplicity).

fRF (52 GHZ) > fIM2 (514 GHZ) > fIMl (3072 GHZ), the
transmission zeros of the three stages are set according to this
order to minimize the loss of PPF. Therefore, the desired signal
and image signals are perfectly quadrature in nature.

In the LO quadruplers, two-stage PPFs are employed in the
LO;1/LOy output quadrature generators and the quadrature
generator required by the compensated frequency doublers, as
shown in Fig. 8. The center frequencies of the two-stage PPFs
are set the same and the resistance in the second stage is twice
as large as that in the first stage while the capacitance is only
half. Since the unlicensed national information infrastructure
(U-NII) band is covering 5.15-5.35 GHz with 200 MHz band-
width, it means a ratio bandwidth of 1.04(= 5.35/5.15) for the
RF band is needed. However, the implemented signal bandwidth
needs to be designed wider than the required one to tolerate
the silicon process variation. As described in Section II-B, the
IRR at the original center frequency becomes 20.8 dB for a
single-stage PPF and 41.6 dB for a two-stage PPF if a 20%
frequency deviation is applied. Therefore, a two-stage cascade
PPF is sufficient for the LO generator when considering both
the required signal bandwidth and process variation if a 40-dB
IRR is set as the criterion. Besides, in order to obtain about
50-dB IRR within the bandwidth of 15-35 MHz, a three-stage
PPF is incorporated at the end of the downconverter.

A die photograph of the 5.2-GHz downconverter is shown in
Fig. 9 and the die size is 1.6 x 1.35 mm?2. The total current of
eight mixers is 32 mA at a 3.3-V supply, while the LO generator
and the IF output buffers consume 35 mA. A conversion gain
reaches 10 dB when the LO power is larger than —4 dBm. The
measured single-sideband noise figure (SSB-NF) is lower than
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Reference [71 [8] [9] [10] This Work A This Work B
s stifl ‘;ﬁ’;’_ﬁ’fgdmure SQDQ | Dual-band SQDQ SQDQ Dual-band SQDQ DQDQ Dual-band SQDQ
DQ=double-quadrature) Weaver Weaver Weaver-Hartley Weaver-Hartley Weaver-Hartley Weaver-Hartley
Supply Voltage (V) 3.3 3 33 1.8 3.3 1.8
Power Consumption (mW) 198° 75 115.5 126 (mixer:25) 210 (mixer:105) 95
Frequency (GHz) 1.9 0.9 1.8 24 2.4 5.7 5.2 2.2 4.8
Conversion gain (dB) 26~78 23(Av) | 23(Av) 20.3 (max) 9 8 10 14.2 12.7
Noise figure (dB) 14 (min) 4.7 4.9 7.2 (min) 23 25 18 6.2 7.2
IRR, (dB) Rx 55 40 36 35 N.A. N.A. N.A. 56 52
' Rx w/o LNA 45 N.A. N.A. N.A. 40 40 55 49.5 37
IRR; (dB) N.A.® NA." | NA"® 60° 44 46 50 77 74
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Fig. 9. Die photograph of the 0.35-m SiGe HBT double-quadrature—double-
quadrature Weaver—Hartley low-IF downconverter.

15— 35

[ —O— Conversion Gain

[ - —O— SSB Noise Figure
@ 10 [o.0—0-0:0-0:0:0:0:0:0-0:0:0:0000C0000Y
T 1 o)
c s 3
‘© 5 r LO2=L0in=1.034 GHz 1 @
(U] : (LO1=4.136 GHz) J2s 5
< s LO power=-4 dBm 1 K=
2 o ic
") 3
H4 .Dﬂlc\j‘j - 0 ) [}
[ 3 “Ng-0-0., / D/D \ ]
> L o-o_ o0 7 b-Oq 20 °g
g -5 - o-Or \D/E D/’l \D/ : =
(&} r S

_10 L 1 I} 1 1 15
0 10 20 30 40 50

IF Frequency (MHz)

Fig. 10. Conversion gain and SSB-NF of the 0.35-pm SiGe HBT
double-quadrature—double-quadrature Weaver—Hartley low-IF down-con-
verter.

20 dB for fips ranging from 15 to 35 MHz, as shown in Fig. 10.
The flicker noise corner in Fig. 10 is absent (less than 1 MHz)
thanks to the low flicker noise of SiGe HBT devices. The down-
converter has an IP14g of —8 dBm and an ITP3 of 9 dBm when
frr = 5.2 GHz, fro2 = 1.034 GHz, fLo1 = 4 X frLoz, and
frr = 30 MHz. Fig. 11 shows the IRR from three samples to
be on average about 55/50 dB for the first/second image signals,
respectively. The IRR of the second image signal has a bandpass
shape because the PPF is a complex notch filter for the negative
spectrum covering 15-35 MHz, while the frequency response of

IF Frequency (MHz)

Fig. 11. IRR for the first/second image signals in three samples of the
0.35-pm SiGe HBT double-quadrature—double-quadrature Weaver—Hartley
low-IF downconverter.

the positive spectrum is relatively flat [10]. The LO-to-RF iso-
lation is 52 dB. The measured performance is summarized and
compared with state-of-the-art architectures in Table I.

B. 2.2/4.8-GHz Single-Quadrature—Double-Quadrature
Dual-Conversion Low-IF Downconverter

Fig. 12 shows the block diagram of a 0.18-um CMOS
single-quadrature—double-quadrature dual-band low-IF re-
ceiver consisting of a dual-band LNA, a single-quadrature
Hartley system and a double-quadrature Hartley system. More-
over, the cascaded complex mixer topology corresponding to
the architecture in Fig. 6(b) can be treated as a Weaver architec-
ture. Fig. 13(a) shows that the switched-band LNA consists of a
switchable notch filter in the second stage. Previously, a notch
filter consisting of a series LC resonator was inserted in the
LNA to provide an additional IRR and suppress interference
[21], [22]. In this work, a switchable notch filter is employed.
The resonance frequency is 1/4/L(Cy 4+ Cs) or 1/\/LC;
when the control transistor is on or off, respectively. The sim-
ulated frequency response of the switched-band LNA with and
without a switchable notch filter is shown in Fig. 13(b). The
IRR; of a single-quadrature—double-quadrature downconverter
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Fig. 12. Block diagram of a dual-band 0.18-p¢m CMOS single-quadrature—double-quadrature Weaver—Hartley low-IF downconverter.
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Fig. 14. LO; quadrature signal generator with a two-stage PPF and NMOS
switch pairs.

can be improved by a preceding narrowband LNA to achieve
over 50-dB IRR.

An on-chip miniature single-to-differential 3:2 transformer
is utilized at the output of the LNA to generate differential RF
signals compatible to the following double-balanced Gilbert
mixers with a common-gate input stage.

As shown in Fig. 14, two-stage PPFs generate differential-
quadrature LO signals, including first- and second-stage LO
signals, from differential inputs. Moreover, four NMOS switch
pairs are employed at the outputs of the LO; generator [10]. If
the control bit is high or low, a 2.2- or 4.8-GHz band is thus
selected, respectively. LLO; is set at the halfway point between

70F
60

50 |

Image-Rejection Ratio (dB)

40 —a——e——s—|RR1 (4.8 GHz band) ]
3 —v——e——<—IRR2 (4.8 GHz band)
20k —c——o——4—IRR1 (2.2 GHz band) ]
; —y——o——>—IRRz (2.2 GHz band)
20'....|....|....|....|...|....
0 10 20 30 40 50 60

IF Frequency (MHz)

Fig. 17. IRR for the first/second image signals in three samples of
the dual-band 0.18-um CMOS single-quadrature-double-quadrature
Weaver—Hartley low-IF downconverter.

two application bands (2.2 and 4.8 GHz) to reuse the first-stage
mixers (i.e., LO; is around 3.5 GHz, and thus, LO5 is around
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Fig. 18. Block diagram of a dual-band double-quadrature—double-quadrature dual-conversion low-IF downconverter.

1.27 GHz with IF'5 covering from 20 to 40 MHz). The frequency
relations were introduced in (20).

The single-quadrature Hartley system, after the transformer,
consists of two Gilbert mixers and a three-stage PPF, while the
following double-quadrature Hartley system has four mixers
and a four-stage PPF.

A three-stage inter-stage PPF has the ratio bandwidth of
1.4938 for a 60-dB IRR. A higher quality in quadrature input
signals guarantees the maximum achievable IRR. On the other
hand, the four-stage IFs PPF is designed for an 80-dB IRR
covering 20-40 MHz (ratio bandwidth = 2).

A die photograph of the dual-band low-IF downconverter
is shown in Fig. 15, and the die size is 1.83 x 1.94 mm?.
The total power consumption is 95 mW at a 1.8-V supply.
The conversion gain and SSB-NF are shown in Fig. 16. The
conversion gain is 14.2/12.7 dB with the in-band (20-40 MHz)
SSB-NF of 6.2/7.2 dB at 2.2/4.8-GHz modes, respectively.
Besides, the flicker noise corner of the demonstrated CMOS
receiver for both modes is around 5 MHz, which is away from
our IF band. IP145/IIP3 is —25/—10 dBm at the 2.2-GHz
mode, while IP; 4p/IIP3 becomes —27/—16 dBm at the
4.8-GHz mode when LO; = 3.5 GHz, LOy = 1.27 GHz,
and IFs = 30 MHz, respectively. Fig. 17 shows the IRR; and
IRR> at 2.2/4.8-GHz modes from three samples. As shown in
Fig. 17, IRR; is on average about 56/52 dB at the 2.2/4.8-GHz
mode, while the IRR; is about 77/74 dB. The LO; /LO2-to-RF
isolation reaches 77/71 dB. The input return loss is better than
—10 dB within 2-2.5 and 4.6-5.7 GHz for both modes. The
overall measured performance is also summarized in Table I.

V. CONCLUSION

The characteristics of a PPF with different locations of
transmission zeros for single-band or multiband applications
has been intensively discussed. A double-quadrature system
with the preceding PPF has much immunity of quadrature
amplitude/phase mismatch, and thus is preferred at both
the first- and second-stage mixers to achieve excellent IRR
at the cost of power consumption. Thus, a dual-conversion
double-quadrature—double-quadrature low-IF downconverter
with an input RF PPF and a dual-band dual-conversion
single-quadrature—double-quadrature low-IF downconverter
with an inter-stage PPF have been demonstrated in this paper for
a significant improvement in image rejection. A double-quadra-
ture—double-quadrature downconverter with an RF PPF in our

work achieves a 55-dB IRR;. On the other hand, the IRR; of
a single-quadrature—double-quadrature downconverter without
an LNA is less than 45 dB, as summarized in Table I. The
dual-band single-quadrature—double-quadrature downconverter
with an inserted inter-stage PPF in our work achieves 77/74 dB
IRRs at 2.2/4.8-GHz and demonstrates the state-of-the-art
IRRs» in the literature, as summarized in Table I. The proposed
two architectures can almost reach the theoretical limit of the
IFy PPF.

Further, a dual-band double-quadrature—double-quadrature
architecture has been proposed here for further image rejection
improvements (both IRR; and IRR»), as shown in Fig. 18.
As mentioned in Section III-A, the proposed dual-band ar-
chitecture requires opposite quadrature RF polarities at the
two operating frequencies; thus a conventional double-quadra-
ture—double-quadrature topology cannot be realized as a
dual-band variant straightforwardly. A dual-band quadrature
RF signal generation with opposite polarities can be achieved
two ways, which are: 1) a dual-band LR-CR topology [23]
and 2) a multistage PPF with different transmission zeros
and followed by switch pairs, similar to the LO; switch
pairs shown in Fig. 14. When operating at a high-frequency
band, the polarity is positive, but the polarity is switched to
be negative at a low-frequency operation mode. Moreover,
a switched-band LNA is preferred since any interference
(including the image signals) can be pre-filtered out by the
LNA. Therefore, the proposed dual-band architecture maintains
excellent image-rejection performance by the double-quadra-
ture—double-quadrature topology and the inter-stage PPF.
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