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Abstract—2.4/5.7-GHz dual-band Weaver-Hartley dual-conversion
downconverters are demonstrated using 0.35-um SiGe heterojunction
bipolar transistor (HBT) technology with/without a correlated local
oscillator (LO) generator. In the first implementation, the correlated
LO generator consists of a divide-by-two frequency divider, a frequency
doubler and a single-sideband upconverter and thus LO; (= 2.5 xLO3)
signal is generated. As a result, the downconverter with the correlated
LO signals has image-rejection ratios of more than 39dB for the
first /second image signals (IRR;/IRRz2) of the dual-conversion system
at both 2.4/5.7-GHz modes while the downconverter without the
correlated LO generators has a 6-dB higher conversion gain and
IRR;/IRRy of more than 44 dB with the same dc power consumption
(excluding the LO generator). On the other hand, a 10-GHz Weaver-
Hartley downconverter is demonstrated with a resonant LC load at
the first-stage mixer to improve the conversion gain at high frequencies.
The downconverter achieves a conversion gain of 8 dB with IRR; /TRR»
better than 43/40 dB.

1. INTRODUCTION

A single-conversion zero-IF (direct-conversion) dual-band system needs
two separate systems including two LO generators [1]. On the other
hand, with a suitable frequency planning, hardware reuse [including
low-noise amplifier (LNA), mixer, and LO generator| is achievable
in a dual-conversion system. For example, the second-stage mixer is
reused [2] but two sets of LNAs, first-stage mixers and LO; generators
are still required, as shown in Fig. 1(a). In [3], the dual-band
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Figure 1. Block diagrams of dual-conversion receivers (a) with reused
second-stage mixer (b) with reused LNA and first-stage mixer (c¢) with
reused first- and second-stage mixers and a switchable mixer RF input
stage (d) with reused first- and second-stage mixers.

concurrent LNA and the first-stage mixer are reused. The two signal
bands after the first downconversion should be downconverted to
baseband by two different LOy signals, as shown in Fig. 1(b). That
is, at least three LO generators should be utilized. Further, as shown
in Fig. 1(c), the first- and second-stage mixers are reused with an
RF input switchable transconductance stage while the LO; signal is
set approximately but not exactly halfway between the two operation
bands [4]. Therefore, the first-downconverted signals are near and can
be selected by choosing proper LOs, like a wideband IF architecture.
However, the LO; and LOy frequencies can not be correlated for this
frequency planning. Finally, fully reused first/second-stage mixers are
demonstrated while the LO; is set exactly halfway between the two
bands, as shown in Fig. 1(d) [5]. After the first downconversion, the two
bands are located at either positive or negative frequency spectrum.
Thus, the output signal can be selected in the second-stage mixer.
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In addition, a dual-band antenna [6] and a dual-band pre-selection
filter [7] are also widely used for a hardware-reuse dual-band system.

To avoid the severe flicker noise, dc offset and ITPy problems of a
direct-conversion receiver [8,9], a low-IF receiver is also widely chosen
and implemented [10-13]. Instead of solving those problems in a direct-
conversion system, filtering or suppressing the image signals becomes
the most important issue of a low-IF receiver because the final IF
frequency is not zero. In this paper, a 2.4/5.7-GHz dual-band low-
IF system for WLAN 802.11 a/g applications is demonstrated. Since
the low-1F architecture keeps the IF frequency flexible, the LO; and
LOy can be set as the fractional multiple of each other. That is, the
two LO signals can be generated by one source. The correlated LO
signals maintain excellent image-rejection performance because the
phase errors at the LO; and LOs differential-quadrature signals can
be kept the same [14] by a good LO generator.

On the other hand, in a high-frequency receiver, the LO;/LO;
signals should be carefully designed. For example, a high IF; frequency
(wipr = wrr — wrog) helps filter the first image signal because the
image signal is 2wr; away from the RF signal. However, if wr; is very
high, the quadrature accuracy of LOg signal is difficult to maintain and
the output low-pass bandwidth of the RC load at the first-stage mixer
is difficult to achieve [15]. Thus, a parallel LC tank resonated at wp;
can be chosen as the load of the first-stage mixer to improve the system
conversion gain.

2. WEAVER-HARTLEY ARCHITECTURE

The dual-conversion low-IF system combines the Weaver architec-
ture [14,16, 17] and Hartley architecture [18]. The former is a complex
dual-conversion topology which removes the first image signal by the
frequency-shifting mechanism while the latter is a complex down con-
version with a complex polyphase filter to remove the second image.
The Weaver system in this work consists of a single-quadrature first-
stage complex mixer and a double-quadrature second-stage complex
mixer as shown in Fig. 2. A single-quadrature complex mixer includes
two real mixers with either a quadrature RF or LO input while the
other is kept differential. A double-quadrature complex mixer includes
four real mixers with both LO and RF signals being quadrature.

In a Weaver system, received signals are twice downconverted
to a low-IF band by the LO;/LOg signals. The angular frequencies
of the desired RF, first image (IM;), and second image (IMs), LOq,
and LOs signals are denoted as wrp, Wiy, wWive, wror and wroz,
respectively. The angular frequencies of the IF signal after the first



178 Syu et al.

Weaver Architecture Hartley Architecture
SQ Mixer Inherent DQ Mixer
LPF
RF+[ ® IF11+ u ® IF21+ |
[H TFIOT T_\t__ & ez esee. [ CJ1F21
IF11- or ® 1F21-
LAY Sl = PPF |-
IF1Q- Tﬂ 1F20-
RF- [ ® BPF ® B 120
ck kR cle e SQ=single-quadrature
IR § E NE § E DQ=double-quadrature
1 PPF=polyphase filter

B=buffer amplifier

2 Sec. CKT1: LO4(2.5LO;) generated from LO,
PPF CKT2: external LO;
|ﬁ lJ_.I CKT3: external LOy, no LO Switches

LO1+ LO1- LO2+ LO2-

Figure 2. Block diagram of a single/dual-band dual-conversion
Weaver-Hartley low-IF system.

and second downconversions are defined as wyr; and wige, respectively.
The relations of the signals defined above can be expressed as:

WRF —WL0O1 = WLo1 —WiM1 = WJF1
wrr — (Wror +wrog) = (Wror +wroz2) —wim2 =wire . (1)
WIF1 = WLo2 + Wire

The wire connection of the Weaver system with detailed mathematical
analyses is shown in Fig. 3. Fig. 3(a) indicates the results at each
node of the Weaver system when the input signals are RF and IM;.
Both signals are converted to the same IF; frequency (wsr;) but with
opposite signs of the quadrature signals after the first downconversion.
The high-frequency term (2wro; + wrrs) can be eliminated by the
low-pass/band-pass nature of the first-stage mixer. The other two
signals entering the second-stage mixers are downconverted to wipe
and (2wrp; — wipe) bands, respectively. Therefore, the shifted-out
image signal can be easily filtered-out by the low-pass filter at IFq
stage [14].

On the other hand, the RF and IM, signals are downconverted to
wrrr and (wrpy — 2wipe ), respectively, after the first downconversion,
as shown in Fig. 3(b). The two signals are still very close and difficult
to be separated by a narrow-band filter. After the second conversion,
the two signals locate at the same frequency (wrre) but with opposite
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Figure 3. Block diagram of the Weaver architecture, (a) when input
signals are desired RF signal and first image signal, (b) when input
signals are desired RF signal and second image signal.

signs of quadrature signals.

That is, the Weaver system can reject

the IM; but not the IMy. To solve this problem, a polyphase filter
is cascaded after the Weaver system because the polyphase filters can
reject the negative-frequency signal but pass the positive-frequency
signal [13]. As a result, the image signals at the negative spectrum
can be highly rejected. The second-stage complex mixers with the
subsequent polyphase filter can be called the Hartley system.
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3. CIRCUIT DESIGN AND EXPERIMENTAL RESULTS

Three implementations are proposed in this paper. First of all,
a 2.4/5.7-GHz dual-band Weaver-Hartley downconverter with a
correlated LO generator is introduced while the second implementation
is a dual-conversion system with separate quadrature LO generators
for LO power optimization. Finally, a resonant LC load is utilized at
the first-stage mixer to improve the overall gain/noise for a 10-GHz
downconverter.

3.1. 2.4/5.7-GHz Dual-band Weaver-Hartley Downconverter
with a Correlated LO Generator

For a dual-band dual-conversion low-IF receiver, the angular frequency
relations are given below:

wrrH(WIM1L) — WLo1 = WLo1 — WiM1H(WRFL) = WIF

wrrH — (Wro1r + wroz) = (Wpor +wroz) — wiveH = Wir2 )
wimer — (Wror —wroz) = (WLor —wrog) — WRFL = Wire

wir; = WwWLo2 +wWire

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

That is, for a 2.4/5.7-GHz dual-band system in this work, frry =
fIML = 5.7GHZ, fRFL = fIMH = 2.4 GHz. Thus, fL02 = 1.62 GHZ,
fL01 =2.5X fLOQ =4.05 GHZ, and f]FQ = 30 MHz.

The block diagram of the 2.4/5.7-GHz Weaver-Hartley downcon-
verter is shown in Fig. 2. A Gilbert mixer consists of two current-
steering differential amplifiers and thus employing SiGe HBTs for the
Gilbert mixer cell has the advantages of low LO power and high con-
version gain. A high conversion gain helps suppress the noise con-
tribution of the following stages, especially the cascaded polyphase
filter, to achieve a better dynamic range. The schematic of a Gilbert
mixer with source degeneration employed at the single-quadrature first
downconversion is shown in Fig. 4(a). Fig. 4(b) shows the second-stage
Gilbert mixers with output in-phase/anti-phase connections for an ad-
dition/subtraction function to realize the complex mixing operation in
a double-quadrature second downconversion. The IF common-drain
buffer amplifiers are employed to facilitate 50-{2 measurements.

Moreover, an LO generator generates both differential-quadrature
LO; and LO2 signals. The LO; signal is generated from
LOy; by a frequency multiplier consisting of a frequency doubler
(x2) and a frequency divider (+2) and a single-sideband (SSB)
upconverter [19, 20]. After the mixing operation of an SSB
upconverter, the LO; (= 2.5xL0g3) signal is thus generated. Both
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Figure 4. Schematic of (a) the first-stage Gilbert mixer, (b) the
second-stage mixer.
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Figure 5. (a) Block diagram of the static divide-by-two divider, (b)
the D-latch cell used in the divider.

differential-quadrature signals of the LO; and LOs are generated by
a two-section polyphase filter with the center frequency of 4.05 and
1.62 GHz, respectively. Fig. 5(a) shows the block diagram of the
static frequency divider consisting of two D-latches realized by emitter-
coupled logic. The schematic of the D-latch, consisting of the sample
and hold stages, is shown in Fig. 5(b). Instead of using a simple cross-
coupled pair, the common-collector configuration is inserted into the
positive feedback loop at the hold stage to achieve a wider output
swing.

The schematic of the multiplier is shown in Fig. 6(a). Following
the Equation

coswit X sinwst + sinwit X cos wat = sin(w; + w9)t, (3)
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Figure 6. (a) Schematic of a multiplier which can be utilized as a
single-sideband upconverter and a frequency doubler, (b) schematic of
a two-section polyphase filter with following four switching pairs.

the multiplier is an SSB upconverter if w; # ws and two input signals
have the perfect quadrature phase. On the other hand, the half circuit
of Fig. 6(a) is a simple frequency doubler if w; = ws = wp. The output
signal has a non-50% duty cycle due to the phase delay between the
two levels of current switching cores. Using the compensated frequency
doubler (i.e., full circuit shown in Fig. 6(a)), truly balanced 2wy output
with 50% duty cycle is thus obtained.

In the complex mixer topology of the first stage, the mixing
operation leads to the frequency spectrum right-shifting, i.e., wip; =
—wgrr + wroz, if the differential-quadrature LO; has the positive
output sequence (0°, 90°, 180° and 270°). On the other hand, if the
polarity of the LO; is reversed (0°, 270°, 180° and 90°), the output
spectrum is left-shifting, i.e., wyp = Wwrr — wros. By setting the LOq
frequency at 4.05 GHz, halfway between 2.4 GHz and 5.7 GHz, the 2.4-
GHz receiving mode employs the positive LO; sequence while the 5.7-
GHz receiving mode employs the negative LO; sequence. As a result,
the outputs at the first stage are both downconverted to 1.65 GHz with
positive 1/Q output sequence when the desired signal is received at
both modes. Therefore, the dual-band operation can be achieved. The
schematic of the switching pairs cascaded after a two-section polyphase
filter is shown in Fig. 6(b). When (S1,S52) = (L, H), the 5.7-GHz
band is selected. On the other hand, the 2.4-GHz band is chosen if
(51,82) = (H, L).

Figure 7(a) shows the die photo of the 2.4/5.7-GHz dual-band
dual-conversion downconverter with a correlated LO signal generator
and the die size is 1.63 x 1.52 mm?. On-wafer measurement is employed
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for the RF performance. Fig. 7(b) shows the conversion gain (CG) and
the single-sideband noise figure (SSB NF) of 2.4/5.7-GHz bands at a
3-V supply. The CG is 5/4 dB while the NF is about 20 dB for 2.4/5.7-
GHz band when the LO power is 2dBm. Besides, the image-rejection
ratios for the first /second image signals (IRR; /IRR2) for 2.4-GHz band
are shown in Fig. 8. The IRR; is above 40dB and is flat due to the
frequency shifting mechanism. When compared with the IRR;, the
IRR5 is 44dB within a narrow band from 15 to 45 MHz due to the
frequency response of the four-section polyphase filter following the
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Figure 7. (a) Die photo, (b) conversion gain and single-sideband
noise figure of the dual-band Weaver-Hartley downconverter with a
correlated LO signal generator.
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Figure 8. Image rejection ratios of the dual-band Weaver-Hartley
downconverter with a correlated LO signal generator (a) at 2.4-GHz
mode, (b) at 5.7-GHz mode.
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Figure 9. (a) Power performance, (b) output I/Q waveforms of the
dual-band Weaver-Hartley downconverter with a correlated LO signal
generator.

second-stage mixers. On the other hand, the IRR; and IRRy are 39
and 46 dB within the IF bands from 15 to 45 MHz for the 5.7-GHz
mode as shown in Fig. 8(b). Fig. 9(a) shows the power performance
of both bands. The IPy4p is —12/—9dBm while the IIP3 is 2/6 dBm
for 2.4/5.7-GHz band when I'F = 30 MHz. The output waveform of
both I/Q channels are shown in Fig. 9(b) and the figure shows 0.46 dB
magnitude mismatch and 0.62° phase error.

3.2. 2.4/5.7-GHz Dual-band Weaver-Hartley Downconverter
with Separate LO Generators

The block diagram of the 2.4/5.7-GHz Weaver-Hartley downconverter
with separate LO quadrature generators is also shown in Fig. 2. The
only difference from the former section is the use of two separate two-
section polyphase filters for external LO; and LOs inputs. The die
photo is shown in Fig. 10(a) and the die size is 1.7 x 1.4 mm?.

Figure 10(b) shows the CG and SSB NF of the downconverter with
respect to the IF frequency. The CG is 11/10dB and the NF is about
19/18dB for 2.4/5.7-GHz band. The downconverter reaches the peak
gain when LO; power is 13dBm and LOs power is 5dBm. The IRRs
for 2.4/5.7 GHz band are 45/44dB for the first image and 50/48 dB
for the second image as shown in Fig. 11. The power performance
is shown in Fig. 12(a). The IP;4p is —16/—15dBm while the IIPj is
—3/—2dBm for 2.4/5.7-GHz band. The output I/Q signals have 0.1 dB
gain mismatch and 0.7° phase error as shown in the output waveforms

of Fig. 12(b).
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Figure 11. Image rejection ratio of the dual-band Weaver-Hartley
downconverter with separate LO generators (a) at 2.4-GHz mode, (b)
at 5.7-GHz mode.

3.3. 10-GHz Weaver-Hartley Downconverter with a
Resonant LC Load

For a single-band Weaver-Hartley downconverter, the LO; switches in
Fig. 2 is not needed. In this section, the RF frequency is targeted at
10 GHz and the resulting LO;/LOg is around 6/4 GHz, respectively.
Since the conversion gain of an active mixer is determined by the
input trasconductance stage and the output load. Conventionally, the
load resistance and the parallel load capacitance including parasitic
capacitances determine the IF output low-pass bandwidth. Therefore,
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Figure 12. (a) Power performance, (b) output I/Q waveforms
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Figure 13. (a) Schematic of the first-stage Gilbert mixer with
a resonant LC load, (b) die photo of the 10-GHz Weaver-Hartley
downconverter.

the transistor sizes should be optimized and the output load resistance
should be sufficiently low to increase the IF bandwidth at the cost
of the conversion gain. However, a parallel LC tank resonated at
wrr; (around 4 GHz, which is difficult to be achieved by a low-pass
response of an RC load) is applied at the first-stage mixer to increase
the conversion gain at a high IF frequency, as shown in Fig. 13(a). In
addition, each quadrature LO; and LOs is generated by a two-section
polyphase filter.
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A die photo of the 10-GHz Weaver-Hartley downconverter is
shown in Fig. 13(b) and the die size is 1.9x1.73 mm?. A conversion gain
reaches a flat region when the LO; and LO2 power are larger than 6
and 0dBm, respectively. The CG of 8dB and SSB NF of around 18 dB
when IF frequency (wirg) ranges from 15 to 100 MHz, which is also the
image-rejection band are shown in Fig. 14(a). Fig. 14(b) shows both
IRR; and IRRs. The IRR; is around 43 dB (maximum: 48 dB) within
100 MHz. The IRR is better than 40 dB (maximum: 52 dB) within 15
to 100 MHz and is better than 45dB within 25 to 90 MHz. The IP4p
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Figure 14. (a) Conversion gain and single-sideband noise figure with
respect to the IF frequency, (b) image-rejection ratio of the 10-GHz
Weaver-Hartley downconverter.
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Figure 15. (a) Power performance, (b) I/Q output waveforms of the
10-GHz Weaver-Hartley downconverter.



188 Syu et al.

Table 1. Performance summary and comparison.

Reference CKT1 CKT2 CKT3 [5] [19]
frr (GHz) | 24/5.7 | 2.4/5.7 10 0.9/1.8 | 24/5.7
Jro1/Jron 4.05/1.62 |4.05/1.62|  6/4 1.35/0.45 | 4.05/1.62
(GHz)
CG (dB) 5/4 11/10 8 23/23 (Av)| 9/8
SSB-NF (dB) | 20/20 | 19/18 18 4.7/4.9 23/25
4
IRRy (dB) | 40/39 | 45/a4 | ~ % 40/36 | 40/40
(48 max.)
> 40 j
IRR; (dB) 44/46 | 50/48 N.A. 44/46
(52 max.)
IF Bandwidth
andwidth |5 5 1 9040 | 15-100 N.R. 15-45
(MHz)
Suppl
PP 3 4 3.3 3 1.8
Voltage (V)
Chip
. oo [1.63 % 1.52[1.7 x 1.4[1.90 x 1.73{ 1.54 x 1.37| 2 x 2
Size (mm*)
6- 18-
Technology 0.35-um SiGe HBT 0.6-pm 0.18-pm
CMOS CMOS

& IF2 = 0, no second image.

and ITIP3 are —9 and 0dBm as shown in Fig. 15(a) and Fig. 15(b)
shows 1/Q output waveforms of the downconverter with 0.15° phase
error and 0.2 dB amplitude mismatch. The circuit performance of three
implementations is summarized and compared with other state-of-the-
art dual-band receivers in Table 1 [5,19].

4. CONCLUSION

Two 2.4/5.7-GHz dual-band Weaver-Hartley dual-conversion downcon-
verters are demonstrated in this paper using 0.35-um SiGe HBT tech-
nology. A correlated LO generator is applied in one implementation
while the other circuit utilizes two separate LO quadrature generators.
The correlated LO signals maintain excellent image-rejection perfor-
mance of the dual-conversion system. However, 6 dB improvement is
obtained by using separate LO generators with an optimized LO in-
put power. In addition, a 10-GHz Weaver-Hartley downconverter is
demonstrated with a resonant LC load at the first-stage mixer to im-
prove the overall conversion gain.
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