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2.4/5.7-GHz CMOS Dual-Band Low-IF Architecture
Using Weaver—Hartley Image-Rejection Techniques

Chin-Chun Meng, Member, IEEE, Tzung-Han Wu, Member, IEEE, Jin-Siang Syu,
Sheng-Wen Yu, Kuan-Chang Tsung, and Ya-Hui Teng

Abstract—A 2.4/5.7-GHz dual-band Weaver—Hartley architec-
ture, using 0.18-um CMOS technology, is demonstrated in this
paper. The 2.4-GHz signal is set to be the image signal when the
desired signal is at 5.7 GHz, and vice versa. Since the Weaver and
Hartley systems are combined into this architecture, the demon-
strated architecture rejects not only the first image signal, but also
the secondary image signal. The image-rejection ratios of the first
image signal and the secondary image signal are better than 40
and 46 dB, respectively. In this paper, a diagrammatic explana-
tion is employed to obtain the image-rejection mechanisms of the
Weaver-Hartley architecture.

Index Terms—Divider, Hartley architecture, image rejection,
secondary image rejection, Weaver architecture.

1. INTRODUCTION

HE PROBLEM of image signal exists in all of the wireless
T communication systems. In the past, an off-chip image-
rejection filter has been employed to reject the image signal;
however, the off-chip components limit the circuit integration,
and thus, need to be removed. As a result, many highly inte-
grated image-rejection architectures have been developed. One
of the most popular image-rejection systems is the direct-con-
version system. The direct-conversion architecture [1] elimi-
nates the image signal by setting the IF frequency at zero in-
stead of using the image-rejection filters. Although the integra-
tion level of the direct-conversion system can be very high, this
system suffers from two serious issues: the dc offset caused by
the signal self-mixing problem [1] and the mixer low-frequency
noise resulting from the transistor 1/ noise [2]. Sub-harmonic
mixers and area-consuming on-chip dc blocking capacitors are
employed to prevent the dc offset problem and the transistor 1/ f
noise. Sometimes much more complicated octet-phase local os-
cillator (LO) generation circuits are required for the direct-con-
version system [3], [4]. Moreover, extra circuit techniques are
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necessary to improve the low-frequency noise figure (NF) of a
CMOS direct-conversion mixer [5]—[7]. On the other hand, the
low-IF system is useful to reject the image signal, and thus, the
issues in the direct-conversion mixer are absent. The Hartley
low-IF architecture is capable of rejecting image signals using
the complex polyphase filters [8]-[12]. Since the IF frequency
is not zero, the dc offset and the transistor 1/ f noise can be dis-
tinguished from the signal.

Another useful image-rejection system is the Weaver system
[13]-[18]. The Weaver system is a dual-conversion system, but
does not require a filter when compared with the heterodyne
system. The integration level of the Weaver architecture is also
high because no off-chip image-rejection filter is required. The
Weaver system can effectively eliminate the first image signal,
but the Weaver structure suffers from the secondary image
problem if the final IF is not set at zero [16]. A single-band
low-IF dual-conversion system is implemented in [10] and [17],
and the secondary image is rejected by the polyphase filter in
the second IF stage [10], while the first image is removed by
the dual conversion mechanism [14], [18].

Most of the multiband RF transceivers are implemented using
direct-conversion architectures [19]-[22]. These multiband re-
ceivers use multiple local area networks (LNAs) and mixers to
deal with each particular RF band. The direct-conversion system
also requires extra approaches to eliminate the 1/ f noise in the
mixer stage [5]-[7]. In addition, the mixers cannot be reused for
most of the transceivers [19]-[21]. Some dual-band dual-con-
version Weaver systems are demonstrated and the secondary
image problem is avoided because the final IF in the second
stage is set at zero [16]. Thus, this receiver still suffers from
the 1/ f noise and dc offset problem; in addition, the mixers are
not reused [16]. Moreover, most of these zero-IF multiband re-
ceivers require more than one LO [19], [21], [22]. Since the IF
frequency is zero in the direct-conversion system, it is very dif-
ficult to design a voltage-controlled oscillator (VCO) covering
the 2.4- and 5.7-GHz bands by using simple dividing or multi-
plying. The extra VCO can cause substrate crosstalk and spu-
rious signals.

In this paper, a 2.4/5.7-GHz dual-band low-IF down-con-
verter system that combines both Weaver and Hartley archi-
tectures [9], [14] is demonstrated using the 0.18-pm CMOS
technology. The main application of this study is the wireless
LAN 802.11 a/g. The architecture used here combines the ad-
vantages reported in previous literatures, and thus, a dual-band
system without the secondary image problem is achieved.
When the desired signal is at 5.7 GHz, the 2.4-GHz band is set
at the image signal of the Weaver structure and vice versa [16],

0018-9480/$25.00 © 2009 IEEE
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[23]. The LO; frequency is chosen to be 4.05 GHz, which is
halfway between 2.4—5.7 GHz. The 2.4/5.7-GHz band selection
is achieved by changing the polarization of the complex LO1
(the first LO) signals. Since a low-IF architecture is employed
in this study, it is very easy to perform a frequency arrangement
that only needs one on-chip VCO. An LO generator consisting
of a new 50% duty cycle divide-by-five circuit and a truly
balanced multiplier is employed to generate the 1.62-GHz
LO> (the second LO) signal for the Weaver system and to
increase the image-rejection performance of the entire system
[18]. Thus, the IF frequency of this low-IF down-converter is
around 30-MHz. As a result, the extra VCO is not needed, and
its complexity is reduced. Compared with previous literatures,
the demonstrated Weaver—Hartley system has the competitive
rejection performance of the first image and secondary image
signals [14]-[18] because of the double-quadrature Hartley
system [9], [12] and the coherence between the LO; and LO,
signals [18]. Besides, the mixer stages can be reused in our
Weaver—Hartley structure.

The operational principle and frequency planning of the
proposed Weaver—Hartley image-rejection architecture are dis-
cussed in Section II. The diagrammatic complex mixing expla-
nation [12], [18], [23] is employed to illustrate the image-rejec-
tion mechanisms of this hybrid Weaver—Hartley architecture.
Section III describes the circuit implementation in detail, and
Section IV reports the measurement results.

II. WEAVER-HARTLEY IMAGE-REJECTION ARCHITECTURE

The block diagram of the proposed Weaver—Hartley image-
rejection structure is shown in Fig. 1(a). The angular frequencies
of the desired, first image and secondary image signals are
denoted as wrp, wmvi and wrye, respectively. The angular
frequencies of the .LO; and L.O5 signals are denoted as w01
and wr,o2. The frequency of the IF signal down-converted by
the first-stage mixers is defined as wrpy, while the frequency
of the IF signal down-converted by the second-stage mixers is
defined as wyps. The relationship between the above signals
is given in the following:

WIF1 = WRF — WLO1

=WwLo1 — WIM1 (la)
wir2 = wrr — (WLo1 + wLo2)

=wLo1 + WLO2 — WIM2

= WIF1 — WLO2- (1b)

As shown in Fig. 1(a), the first half of the down-converter is a
single-quadrature Weaver system including six multipliers [14],
[18]. The other half of the down-converter is a double-quadrature
Hartley system consisting of four multipliers and a four-section
polyphase filter [9]. The Weaver—Hartley image-rejection system
is formed by sharing four mixers, as shown in Fig. 1(a). When
the frequency of the desired signal is 5.7 GHz (2.4 GHz), and
the LO; frequency is 4.05 GHz, the dual-conversion Weaver
system then perfectly rejects the first image signal whose
frequency is close to 2.4 GHz (5.7 GHz), and the frequency
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Fig. 1. (a) Block diagram of the Weaver—Hartley architecture. (b) Complex
signal representation of the Weaver—Hartley architecture.

of the secondary image signal is around 5.64 GHz (2.46
GHz). In order to explain the function of the Weaver—Hartley
structure, the complex signal-block diagram representation
for complex mixers is shown in Fig. 1(b).

A. Rejection of the First Image Signal

Instead of the conventional trigonometric analysis, the com-
plex-signal diagrammatic explanation shown in Fig. 2 gives
a direct insight to the RF system architecture. The RF signal
and quadrature LO signals can be denoted as coswgrrt and
e~Jwrot respectively. On the other hand, the first image signal
and secondary image signal can be expressed as coswmit
and cos wryet, respectively. Fig. 2(a) shows the corresponding
spectra of the wrF, w1, and w2 signals.

Since the quadrature L.O; signal (e=7*-01%) is located at the
negative spectrum, the RF signal shifts to the left after down-
conversion mixing [12], [18], [23]. In other words, after the
complex LLO; down-conversion, the positive RF complex fre-
quency shifts to the positive wrp; complex frequency and the
negative RF complex frequency shifts to the negative frequency
of (wLo1 +wrr1), as shown in Fig. 2(b). Thus, the negative fre-
quency spectrum in Fig. 2(b) can be omitted in the analysis for
the sake of simplicity.

Next, the signals in Fig. 2(b) are down-converted further
by the subsequent second-stage complex mixer. Similarly, the
quadrature LO9(e™7*r02?) signal of the second-stage complex
mixer is located at the negative spectrum. Therefore, the signals
in Fig. 2(b) shift to the left in the spectrum again, as shown in
Fig. 2(c). This process can be expressed by the complex signal
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Fig.2. (a)RF, IM,, and IM, signal spectra. (b) Signals after down-converting
by the first stage complex mixer. (c) Signals after down-converting by the second
stage complex mixer. (d) Signals filtered by the final IF polyphase filters.

multiplication [12], [18], [23] as

coswrpt X e~JwLott y gmjwrozt
eJwirat | e~ J(wrrtwLo1+wLo2)t

= 5 . ()

Similarly, the shifted IM; and IM5 signals can be represented
as

coswnyyt X e Jwrott o gmjwrozt
e—j(2w1F1—w1F2)t + e—j(wIMl-l‘wL01+wL02)t

- . (2b)
coswrypal X e IwLoLt 5 gmiwLO2t
e—jwn‘zt + e—j(h)n\12+wl,o1 +wro2)t
= : (20)

2

The RF signal is down-converted to the positive wips com-
plex frequency, as shown in Fig. 2(c). On the other hand, the
first image signal wnyy is down-converted to the negative
(2wir1 — wirz) complex frequency. Due to the dual conversion
phenomena, the first image signal can be easily filtered out
by the low-pass filter, as shown in Fig. 2(c). Normally, the

frequency response of the IF circuits can serve as the low-pass
filter as long as wrp; is large enough.

B. Rejection of the Secondary Image Signal

The dual-conversion down-converter still suffers from the
secondary image signal problem [16], and the frequency of
the secondary image signal is 2wips away from the RF fre-
quency, as shown in Fig. 2(c). The secondary image signal is
also shifted downward twice by the two complex mixers of
the Weaver system. However, the down-converted secondary
image signal is not shifted outside the frequency response of
the low-pass filter as with the first image signal IM;. Instead,
the frequency of the down-converted secondary image signal
is shifted to the negative wrps spectrum, while the down-con-
verted RF signal is located at wips, as shown in Fig. 2(c). This
down-converted secondary image signal cannot be filtered out
by the low-pass filter and disturbs the down-converted desired
RF signal. On the other hand, the polyphase filter [9], [11],
which is an asymmetrical complex notch filter, can filter out
the down-converted secondary image signal by eliminating the
signals in the negative spectrum, as illustrated in Fig. 2(d).

It is worthwhile to mention that the second-stage complex
mixer and the IF polyphase filter form a double-quadrature
Hartley system [9]. The second-order error inherent in the
double-quadrature system is less than the first-order error in
the single-quadrature system. The double-quadrature Hartley
system has better immunity to signal mismatches and is thus
chosen for the second-stage mixer in this study. As a result,
the demonstrated dual-band Weaver—Hartley system has more
immunity to the nonideal effects caused by signal mismatches
for the secondary image rejection.

The double-quadrature multiplier can also certainly be em-
ployed as the first-stage mixer of the Weaver—Hartley system
because a double-quadrature multiplier tolerates more signal
mismatches than a single-quadrature multiplier does. However,
the higher first-image-rejection ratio is achieved at the cost of
a higher NF because a polyphase filter is employed to obtain
the quadrature RF signals [9]. The other reason for using a
single-quadrature Weaver system instead of a double-quadra-
ture Weaver architecture, as shown in Fig. 1, is to reduce com-
plexity. The band selection function is more complicated and
requires switches in both of the RF and LO paths. Thus, the
first stage of this dual-band Weaver—Hartley down-converter is
chosen to be a single-quadrature Weaver system.

Moreover, there is another advantage in such a dual conver-
sion image-rejection system. Since the frequency of the first
image signal is far away from that of the desired RF signal, all
of the building blocks within the receiver chain, such as the an-
tenna, filters, and LNA can attenuate the first image signal to
some degree. Obviously, two separate narrowband LNAs can
be connected to this dual-band Weaver—Hartley architecture to
provide extra image rejection by attenuating the first image sig-
nals if IF; is properly chosen [17]. However, either a concur-
rent dual-band LNA [24], switch-band LNA, or wideband LNA
is also adequate to connect this receiver because the proposed
topology guarantees the basic image-rejection ratio.
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C. Spurious Response, Frequency Planning, and
Band Selection

The desired signals are around 5.7 and 2.4 GHz, respectively;
therefore, the LO; signal for the Weaver system is set to be
4.05 GHz. In order to achieve the resulting IF, bandwidth
within several tens of megahertz, a divide-by-2.5 divider for
generating the LO» signal of 1.62 GHz from the 1.O; signal is
designed in our frequency planning. Coherent .LO; and LO,
signals are useful to maximize the image-rejection ratio [18].

The down-converted spurs have the frequencies of (kfrp =
mfro1 £ nfroz) [16]. If the LO; frequency is the integer mul-
tiple of the LO, frequency, the spurious response can easily
fall into the final IF channels and degrade the performance of
the image-rejection receiver. On the other hand, the spurious
components can hardly fall into the IF channels if the fL.LO; fre-
quency is the fractional multiples of the LO5 frequency.

In this study, the divide-by-five circuit and frequency doubler
are employed to provide a divide-by-2.5 divider. The spread-
sheet enumerating method is employed to calculate the mixing
terms of the RF, LO1, and L.O5 signals with their fundamental,
second, third, fourth, and fifth harmonics. There is no inter-
fering signal caused by the spurious tone down-converted into
the IF bandwidth, except for one mixing combination. The only
down-converted spur is ( frr — 3fLo1 + 4fL02). However, the
spurious signal is very small because the even harmonics are
greatly suppressed in the double-balanced system.

There are two sources for the spurious signals. One is
the spurious down-conversion of the desired RF signals as
discussed. The other is spurious response to the undesired
signals because the sliding-IF dual-conversion architecture
receives a wide variety of signals [21]. The undesired RF
frequency is equal to m fr,o1 + nfrLo2 £ fire and only odd
numbers of m and n are considered because the double-bal-
anced Gilbert mixer is employed. Thus, an exhausted search
for m, n € {%1,4£3,45} is performed and the resulting
spurious undesired RF signals below 10 GHz are discussed
in this paper. As a consequence, except for the desired RF
and image signals (either 2.4 or 5.7 GHz) with LO indices
(m,n) = (1,£1), there are still five undesired RF signals with
LO indices (m,n) = (1,3), (3,-3), (-1,3), (3,—5), and
(—1,5) corresponding to 8.91 & frpo, 7.29 % fipe, 0.81 % fipa,
4.05 + fipo, and 4.05 £ fipe GHz, respectively. Thus, a
preceding LNA (or filter) with either a dual- or switched-band
topology is preferable for practical use [24]. A properly de-
signed LNA can attenuate these undesired RF signals because
most of the undesired RF frequencies fall outside the frequency
range. A zero can be inserted in the LNA to remove the spurious
frequency at 4.05 GHz.

The band selection at the 5.7-GHz band is depicted in
Fig. 3(a). The solid-, dotted-, and dashed-line arrows represent
the RF signal, IM; signal, and IM, signal, respectively. The
RF signal, as well as the undesired IM; and IM, signals, are
located at the positive spectrum, and down-converted by the
e~Jwroit and e~Jwrozt LO signals, respectively. As discussed
above, the Weaver—Hartley architecture can reject both the
first and secondary image signals. On the other hand, when
the desired signals are around 2.4 GHz, the signals located at
the negative spectrum are down-converted by the e/“ro1* and
el“ro2t O signals, as shown in Fig. 3(b).
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Fig. 3. All the high-frequency harmonics are neglected. (a) Frequency shifting
by the negative LO; and negative LO» complex signals when the RF frequency
is around 5.7-GHz band. (b) Frequency shifting by the positive LO; and nega-
tive LO> complex signals when the RF frequency is around 2.4-GHz band.

®,,, =27 x1.62GHz

In the Weaver—Hartley system shown in Fig. 1, the band se-
lection is achieved by intentionally changing the sequence of the
complex LLO; signals. The positive LO1 sequence corresponds
to e/“rott  while the negative LO; sequence corresponds to
e~JwLoit The sequence of the complex LO; signal can be al-
ternated using MOS switches. The MOS switching circuits are
discussed in Section III.

III. CIrRcUIT DESIGN

The block diagram of the demonstrated Weaver—Hartley
down-converter is shown in Fig. 4. The first- and second-stage
complex mixers contain two and four Gilbert multipliers,
respectively. The 4.05-GHz LO; signal is fed externally and
the 1.62-GHz LLOy signal is generated from the 1.O; signal
using the divide-by-five circuit and the frequency doubler.
The quadrature generators shown in Fig. 4 are two-section
polyphase filters to generate differential-quadrature signals
from differential signals. A four-section polyphase filter and an
IF buffer amplifier are located at the end of the down-converter.
Each sub-circuit is discussed below.

A. Gilbert Mixers

The mixers in the first and second stages are Gilbert mixers,
as shown in Fig. 5. The Gilbert active mixer has advantages in
terms of higher conversion gain, smaller LO pumping power,
and better port-to-port isolation when compared to passive
mixers. A micromixer, as shown in Fig. 5(a), is adopted in
the first-stage mixer for its broadband matching property
and is suitable for the dual-band application [18], [25]. The
second-stage mixer is a conventional Gilbert mixer, as shown
in Fig. 5(b), employing a differential pair as the input stage.
Source degenerated resistors are employed to increase the
IP; gp of the second-stage Gilbert mixer. The high input
impedance of the second-stage mixer also maintains the voltage
gain of the preceding stage.
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tance in the second-stage mixer is relatively large in order to
accommodate the wide IF; bandwidth and to achieve a good
input dynamic range.

Moreover, the addition and subtraction for the complex
mixing can be achieved by the current mode operation [18].
Connecting the output currents of the mixers in the in-phase
way performs the function of addition, while the subtraction
can be accomplished by connecting the output currents of the
mixers in the antiphase way.

B. LO Frequency Generator

The image rejection depends on the magnitude and phase
accuracies of LO and RF signals [9], [14], [15], [18]. The
imperfect LO and RF signals are inevitable in the circuit fab-
rication, and thus, the image-rejection ratio degrades. Many
methods such as off-chip or electronic tuning have been devel-
oped to increase the image-rejection performance [14], [15].
The coherence between the LO; and LO5 signals improves the
image rejection [18].

In order to achieve coherent LO signals, an accurate LO gen-
erator consisting of a 50% duty cycle divide-by-five circuit and a
truly balanced frequency doubler [26]—[28] is employed to gen-
erate coherent signals with less phase errors. As a result, the
frequency of the LO; signal is 2.5 times that of the LO4 signal,
and thus, only one VCO is needed.

(b)

Fig. 6. (a) Block diagram of the 50% duty-cycle divide-by-five circuit.
(b) Timing diagram.

As shown in Fig. 4, the LO generator consists of a di-
vide-by-five circuit, buffer amplifier, quadrature generator, and
frequency doubler. The block diagram of a 50% duty cycle
divide-by-five circuit and its associated timing diagram are
shown in Fig. 6(a) and (b), respectively. Non-50% duty cycle
signals preceding a polyphase filter (quadrature generator)
generate high-order harmonics and lead to large phase error
[29], especially when the following circuit is a hard-switched
Gilbert mixer (second-stage mixer). Therefore, the 50% duty
cycle is critical for the Weaver—Hartley image-rejection system.
The divide-by-five circuit consists of five current switchable
source-coupled logic D flip-flops [29], [30] and employs the
sample—hold—sample—hold—hold (SHSHH) scheme to achieve
the 50% duty cycle. The schematic of the current switchable
source coupled logic D flip-flop [29] is shown in Fig. 7. Two
extra differential pairs with control inputs # and § are inserted
between the sample-and-hold stage and the clock stage of the
traditional D flip-flop to commutate the clock current signal and
switch the triggering edge of the clock for sample-and-hold.
The input data is sampled when clock and 6 are the same; on the
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other hand, the data is held when they are opposite. Therefore,
this current switchable D flip-flop can be triggered at both the
positive and negative edges. A conventional Gilbert multiplier
has a time delay between the signal through the bottom dif-
ferential pair and the signal through the top differential pair,
and thus, gives rise to asymmetrical output waveforms. To
remedy this problem, a fully symmetrical multiplier circuit
with equal delay paths between two input signals is adopted in
this work. Fig. 8 shows a truly balanced frequency doubling
multiplier consisting of two conventional Gilbert multipliers.
The in- and quadrature-phase input signals connect to the top
and bottom stages of one multiplier, respectively. On the other
hand, the input signals of the other multiplier are connected in
the opposite way. Therefore, one multiplying path contains a
phase lead and the other path contains a phase lag. By summing
the outputs of the two constituent multipliers, the phase delay
is cancelled in the combined signals [27], [29]. The two-section
polyphase filter in Fig. 8 generates quadrature signals needed
by the truly balanced frequency doubler.

C. LO Switching Circuit

The 2.4/5.7-GHz band selections are achieved by changing
the polarity of the LO; signals. Fig. 9 shows the band-selection
switching circuits. When S1 is low and S2 is high, the 5.7-GHz
band is selected. The [.O; signals are in the clockwise sequence
of I'+, @—, I—, and Q+, and can be represented by e Jwroit
On the other hand, the 2.4-GHz band is chosen when S1 is high
and S2 is low. The LO; signals are in the counterclockwise se-
quence of I+, Q+, I —, and Q—, and thus, can be represented by
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Fig. 10. Die photograph of the Weaver—Hartley dual-band low-IF down-con-
verter.
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Fig. 11. Conversion gain as a function of LO power of the demonstrated
Weaver—Hartley dual-band low-IF down-converter.

e/wroit Buffer B is a common-drain-configured output buffer
to drive the LO port of the mixer.

D. Polyphase Filter and IF Amplifier

The secondary image rejection of the Weaver—Hartley
system relies on the polyphase filter. In order to obtain a
45-dB image-rejection ratio and a 12-48-MHz bandwidth,
a four-section polyphase filter is incorporated at the end of
the down-converter, as shown in Fig. 4. The buffer amplifiers
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following the polyphase filter are employed mainly to drive the
50-2 spectrum analyzer for the on-wafer measurement.

IV. MEASUREMENT RESULTS

A die photograph of the Weaver—Hartley down-converter is
shown in Fig. 10, and the die size is 2 x 2 mm?2. The RF, IF, LO
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Fig. 14. Measured I/Q waveform (with 90.55° phase difference) of the demon-
strated Weaver—Hartley dual-band low-IF down-converter.
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Fig. 15. Measured NF of the Weaver—Hartley dual-band low-IF down-con-
verter with/without the external LNA.

ground-signal-ground-signal-ground (GSGSG), and six-pin
dc pads are located at the top, right, left, and bottom of the
die in sequence. The layout is very compact and many bypass
capacitors are used to verify the effectiveness of both the dc
supply and the area occupied by the dummy metal cells. The
supply voltage is 1.8 V and the power consumption of the main
mixer cores are only 25 mW while the LO generator consume
54 mW. However, the common-drain buffers following the
active mixers in Fig. 5 totally consumes 20 mW and this dc
power consumption is over designed. The buffer current can
be reduced drastically because both IF; and IF, frequencies
are low. Besides, the IF buffer amplifiers, consuming 13 mW
for each in-phase/quadrature (I/Q) output path, are employed
mainly to drive the 50-C spectrum analyzer for the on-wafer
measurement; however, it can be eliminated from our receiver
architecture for a practical application due to the high input
impedance of the following circuits. Fig. 11 shows the conver-
sion gain as a function of LO power for the 2.4-GHz band. The
conversion gain reaches 9 dB when the LO power is larger than
5 dBm. On the other hand, the peak conversion is 8 dB when
the RF frequency is 5.7 GHz and the LO power is larger than
7 dBm.

When the RF frequency is 5.7 GHz, the demonstrated down-
converter has an IP; 45 of —13 dBm and IIP3 of 3 dBm, as
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TABLE I
COMPARISON OF IMAGE-REJECTION RATIO

Reference Architecture Frequency(GHz) IRR, IRR, Noise Figure(dB)  Power Consumption (mW) Technology
[14] Weaver 1.9 45 NA.° 14 198°¢ 0.6-um CMOS
[10] Weaver-Hartley 24 35 60 ¢ 72 115.5 0.6-um CMOS
[16] Weaver Dual-band 0.9/1.8 40/36 NA.° 4.7/4.9 75 0.6-um CMOS
[17] Weaver-Hartley 0.9 55¢ 35 5 70 0.35-um CMOS
. Weaver-Hartley 23/25 126°

This Work Dual-band 2.4/5.7 40/40 44/46 (4.2/4.65)" (mixer cores: 25) 0.18-pm CMOS

*performance with a preceding narrow band LNA.
b
TF,=0.
°5-section polyphase filter and passive IF mixers.
“Noise figure measured with an wideband external LNA.
“Power consumption including ADC and baseband filter.

"Total power consumption includes the main mixer core (25 mW), LO generator (54 mW) , mixer buffers (20 mW) and extra IF output buffers (26 mW ) facilitating

the on-wafer 50-Q measurement.

shown in Fig. 12. When the RF frequency is 2.4 GHz, IP; 4p
and TIP3 are —11 dBm and 2.5 dBm, respectively.

Fig. 13 shows the conversion gain as a function of RF fre-
quencies. LLO1 frequency is fixed at 4.05 GHz, and thus, LO> is
equal to 1.62 GHz. The RF frequency is swept to obtain the gain
difference between the desired signal and images. The resulting
IF frequencies are employed to represent the RF and image fre-
quencies by properly folding the RF and image frequencies into
the IF axis.

When the desired RF signal is around 5.7 GHz, the frequen-
cies of the desired IF signal, the IF signals caused by the first
image signal, and the second image signal can be calculated by

IF gesirea = RF — LO1 — LO2 (3a)
TP =LO; — IM; — LOs (3b)
IFIMQ = L01 + L02 — IMQ (3C)

On the other hand, when the desired RF signal is around
2.4 GHz, the frequencies of the desired IF signal, the IF signal
caused by the first image signal, and the second image signal
can be calculated by

IFdesired = LOI — RF — L02 (43.)
IFn =IMy — LOy — LOo (4b)
IFIMZ = IM2 — L01 + L02 (40)

As shown in Fig. 13(a), the gain of the desired signal is 8 dB
when the RF signal frequency is around 5.7 GHz. On the other
hand, the first image signal near 2.4 GHz has a conversion loss
of 32 dB, and the conversion loss of the secondary image signal
(5.64 GHz) is 38 dB. Similarly, the gain is 9 dB when the desired
RF signal frequency is around 2.4 GHz, as shown in Fig. 13(b).
The first image signal (near 5.7 GHz) and secondary image
signal (near 2.46 GHz) have a conversion loss of 31 and 35 dB,
respectively.

In other words, when the RF frequency is 5.7 GHz (2.4 GHz),
the image-rejection ratios of the first and secondary image sig-
nals are about 40 dB (40 dB) and 46 dB (44 dB), respectively.
The frequency response of the secondary image signal is a
bandstop shape because of the complex filtering behavior
of the polyphase filter. The IF bandwidth of the measured
image-rejection ratio of the secondary image signal starts from
12 to 48 MHz. On the other hand, the image-rejection ratio of

the first image signal has a flat frequency response because the
image-rejection mechanism of the Weaver system comes from
dual LO frequency shifting, as discussed in Fig. 2.

Fig. 14 shows the waveforms of I/Q output ports. The mea-
sured result indicates that the output signals are quite balanced.
The in- and quadrature-phase waveforms also demonstrate that
the circuit is highly balanced, including the signal phase and
signal magnitude.

The measured RF-to-IF, LO-to-RF, and LO-to-IF isolations
are better than 60, 64, and 62 dB, respectively. The measured
NF of the down-converter is shown in Fig. 15. When the RF fre-
quencies are 2.4 and 5.7 GHz, the measured NFs are better than
23 dB and 25 dB within the 12-MHz to 48-MHz IF bandwidth.
A CMOS device suffers from a serious flicker noise problem.
It is obvious that the flicker noise corner frequency in Fig. 15
is around 2 MHz for this architecture. Thus, the serious flicker
noise problem is avoided in our demonstrated low-IF architec-
ture by arranging the IF frequencies to be from 12 to 48 MHz
[17].

The micromixer with the wideband 50-(2 matching at the
input stage facilitates the RF measurement and is employed
in this paper to demonstrate the proposed dual-band image-re-
jection receiver architecture without using a preceding LNA
(or filter). However, this resistive matching topology degrades
the noise performance. A high-gain LNA is needed to improve
the noise performance at the cost of overall system linearity.
Thanks to the wideband matching, the demonstrated down-con-
verter is convenient for connecting an external LNA to mea-
sure the overall receiver NF. Two commercial broadband LNAs
(LNA; : gain = 11 dB and NF = 2 dB; LNA, : gain = 20 dB
and NF = 5 dB) and a 9-dB attenuator are employed to form
an ad hoc LNA. Thus, the ad hoc broadband LNA has a 22-dB
gain with 2.65-dB NF over 1-8 GHz. After cascading the LNA,
the measured NF of the receiver is highly suppressed to 4.2 dB
at RF = 2.4 GHz and 4.65 dB at RF = 5.7 GHz, respec-
tively, as shown in Fig. 15. After cascading the LNA, the mea-
sured IP; 4p is —33.2/—34.5 dBm for each 2.4/5.7-GHz band,
and is still acceptable for the high-gain mode in wireless local
area network (WLAN) application. If better noise and linearity
are required in the receiver, a conventional Gilbert mixer with
a band-switchable input transconductance stage for dual-band
operation can be employed [22]. An inductive source degener-
ation technique widely used in the LNA can be employed in
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the transconductance stage of a Gilbert mixer to bring the noise
circle and gain circle closer [31].

The state-of-the-art image-rejection ratio results for the var-
ious architectures are summarized in Table 1.

V. CONCLUSION

A new image-rejection low-IF topology combining the
Weaver and Hartley systems has been demonstrated via com-
plex signal analysis in this paper, and a dual-band down-con-
verter has been implemented using the proposed topology. In
this study, the quadrature LO signals has been employed in
the RF stage mixers and the band selection has been achieved
by changing the polarity of the complex LLO; signal. The
image-rejection ratio was further improved by making two LO
signals coherent with the proposed new divider. As a result, the
low-IF dual-band down-converter only requires one on-chip
VCO, and the RF mixers are reused for both 2.4/5.7-GHz
bands. Thus, complexity is greatly reduced. Furthermore, the
diagrammatic complex mixing explanation developed in this
paper gives the RF designers a clear illustration to design the
image-rejection system.
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