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A 2.4-GHz Low-IF Recelver for Wideband WLAN in
0.6-um CMOS—Architecture and Front-End
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Abstract—This paper presents the 2.4-GHz front-end and the the system at a high level. The architecture is described
first downconversion section of a fully integrated low-IF receiver. jn Sections Il and IV explains the circuit design in detail.
The dual-conversion receiver and rejects the image repeatably by Measurements of the image-reject front-end are reported in

60 dB using integrated polyphase filters without calibration or - . .
tuning. The gain of the RF mixer and IF amplifier is switchable Section V. The total RX measurement results will appear in [2]

to slide the available dynamic range of the following stages
based on the conditions of the input signal. The front-end and Il. SYSTEM DESCRIPTION

downconversion sections drain 35 mA on average from a 3.3-V ) . . ) )
supply. Minimum cascade noise figure is 7.2 dB, and maximum  This adaptive receiver was designed for a wireless local

cascade IIP3 is—3.4 dBm. area network (WLAN) operating in the 2.4 GHz ISM band.
It supports selectable channel bandwidths (BW) of 625 kHz,
|. INTRODUCTION 2.5 MHz, and 10 MHz for 0.5, 2, and 8 Mbaud symbol rates,

HERE IS h to miarat dio sianal .respectively. When there are a few users in a cell, the largest
a push to migrate more radio signai processigly; is sejected to maximize data throughput. With many users,

; wbmr'ltg bastetr:)nano]lc ?I|g|)IaImS|Ignal V%?gcejsr?rfni([)rszs)' k')n tnl%rélecting the low BW setting frees up additional channels,
owband systems, for example, a wide dynamic range bu ereby granting access to many more users. The modulation
rate analog-to-digital converter (A/D) can digitize several a ised is 4, 16, or 64-QAM, which need SNR of 13.5, 20.4
jacent channels and then select the desired channel. Howeygr e = \a" ihe detector respectively, for a BER of 1e-6

in wideband systems, the analog radio must absorb the in?Htvery good channel conditions, 64-QAM is used for high
signal dynamic range. Adaptation in the digital part may im[- '

.7 " throughput rates. However, if the received S/N drops below
prove the trade-off between performance and powerdlssmatl(é%.5 or 20.4 dB, the modulation is switched to 16 and 4-QAM
New system standards such as Bluetooth relax radio specifica- ) '

F&pectively, to maintain integrity of data transfer, albeit at a
tions to make it easier to integrate the analog and digital parts1 P Y. gy y

. L e . . wer rate. Adaptation of the symbol rate and constellation
the radio. On-chip image rejection and direct-conversion ardblfovides variable bit rate from 1 to 48 Mbit/s
tectures are of mFerest' to eliminate IF'ﬂIters. . . The system uses adaptive beam forming with an antenna

Acomprehenswe m|>$e_d-mode_ design of t_he entire radio r rray. One transceiver must now be attached to every an-
quires that analog and digital sections be designed together. W2 Aside from the antenna and preselect filter, all other
uses of wireless to transmit high-speed data, mainly to acce: : !

. . 4 %ﬁchip components must be eliminated. In any case, off-chip
the Internet, are creating a demand for wideband radio syste snnel-select filters cannot be used because their BW is

tSlréhitecture, and active filters with programmable bandwidth.

ue to space limitations, details of the design of the IF strip and

[1]. In multiple access systems where the capacity is mainly li Ye measurements for the whole RX will appear in a companion
ited by co-channel interferers, these methods also raise capa%i er [2]

To date, only limited adaptation has been demonstrated’in
the analog portion of widespread radio receivers. In a cellular
telephone, it may consist of switchable RF gain and variable
gain at IF which prevents saturation in the front-end or under-The main objectives in choosing receiver architecture are
or overloading the baseband A/D. wide dynamic range, high sensitivity, fewest off-chip com-

This paper describes the design and implementation ménents, and lowest power consumption. Fig. 1 shows the
the front-end and downconversion sections ofuly inte- block diagram of this dual-conversion low-IF receiver [3],
grated dual-conversion superheterodyreceiver (RX), with which implements the Weaver architecture. The RF front-end
on-chip circuits for large image rejection. Section Il describeomprises a low noise amplifier (LNA) and an RF quadrature

mixer, which downconverts the RF signal to the first IF (IF1). A
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Fig. 1. Receiver block diagram. Fixed LO=2.263 GHz

Fig. 2. Proposed frequency synthesizer.
in this receiver to somewhat relax the dynamic range of the IF

mixers and the IF2 amplifiers. The IF mixdownconvertshe gitferential VCO frequency by 12, which results in an IF1 of
desiredsignal at IF1 to a low IF2. Following downconversmn(2442 +10)/(12 + 1) = 188 MHz.

a five-stage wideband polyphase filter rejects the second image-ha 2 4-GHz ISM band is 80 MHz wide. By dehopping the
entirely on-chip. Amplifiers before the IF1 polyphase filtef, ¢ signal at the 1st mixer, the BW of IF1 is limited to one
and within the IF2 polyphase filter compensate 10SS in th& ;nnel (a maximum of 10 MHz). This simplifies the design of
filter passband. In the IF2 strip, the pre-filter programmablg amplifiers and the first polyphase filter.
gain amplifier (PGA) amplifies the signal to overcome filter g |E mixer must reject the image by 60 dB on-chip; double-
noise, while the continuously variable gain post-filter amplifieg ;2 qrature downconversion desensitizes the ultimate on-chip
(VGA) further amplifies the filtered signal to the optimal S'g”,a,mage rejection to phase errors in IF1 and LO2, and to gain er-
loading (90% full scale) of the A/D converter. The RX i§qsiin the IF1 paths [7], [8]. Although it is possible to reject the
designed for integration with the synthesizer. All signal patqrshage in a DSP by digitizing separafeand paths after the
are differential to minimize interaction among the varioug,ixer [8], the A/D must digitize the image as well and there-
blocks, or through the §ubstrat§. . fore must have higher dynamic range (DR). Furthermore, the
In a direct conversion receiver, the required SNRof - 5pjifiers and filters after the mixers must be matched in gain

26.5 dB dictates that image rejection is on the order of 40 .dgs well as the mixers are, which is 0.1% for 60-dB image rejec-

This requires better than 1% matching between the variofis, This is very difficult in practice. This receiver rejects the

blocks in thel and@ paths, such as amplifiers, channel-selegt, e in the analog domain before amplifying and filtering the
filters, and A/D converters. This is not easy to achieve ifqqireq signal in a single scalar path at IF2.

practice [4]. Furthermore, a signal at zero-IF competes with
dc offset andl/f noise which can significantly degrade SNR

of 64-QAM signals at narrow channel bandwidths. For these
reasons, the second IF is chosen to be nonzero. A. Low Noise Amplifier

With the same BW, selectivity, and dynamic range, the lower Nojse figure (NF) is the most important characteristic of an
the IF, the less the power consumed by the on-chip bandpasg, and depends on the active device noise, passive device
filter [5]. However, a wideband channel at low IF occupies gyss, the LNA circuit topology, and how close the operating fre-
larger fractional bandwidth over which the image must be I'uency is to devicefr. The differential inductively degener-
jected. This means more stages in the polyphase filter, therefgted common-source (CS) LNA used here gives sub-3-dB NF at
higher loss in its passband [6]. For these reasons, a secon® U GHz. Since the frequency of operation is much lower than
with passband of 5 to 15 MHz is finally used to accommodatg,. /2 and the( of the input matching circuit is relatively low,
the widest 10-MHz channel. gate-induced noise is not important [9], [10]. To include short

Due to the praCticaI issues discussed in the Section |V'B, tbﬁanne| noise enhancement [11], we have deve|oped a subcir-
RF mixer can only reject the image by about 35 dB. Thus, IFtyit model in HSPICE to represent the measured excess noise

is chosen high enough so that the first image is rejected by @@tor. The measured and simulated NF of the final LNA agree
additional 30 dB in the antenna preselect filter. This leads Y@a|| over a wide frequency band.

the final dual-downconversion receiver. A high IF1 also means1) FET Noise Model in SPICEThe drain current noise
that Spurious Signals which m|ght be downconverted by Odgower due to the channel noise is expressed as
harmonics of LO2 lie in the preselect filter's stopband.

It is very desirable to avoid use of multiple VCOs on the 2 = 4 KT v gas0 (1)
same chip, which tend to injection lock through parasitic cou-
pling. Fig. 2 shows the block diagram of the frequency synthesereI’, is the excess noise factor with respect to the basic
sizer intended for integration with the receiver (notimplementegpice model. The BSIM2 models used in our design forces
on this prototype). LO2 is a fixed fraction of the frequency o2/3 (I'. = 1), as in the classical model. Fig. 3 shows the SPICE
LO1. A direct digital frequency synthesizer (DDFS) and digsubcircuit used to model noise enhancement. A scaled current
ital-to-analog converter (DAC) generate a fast hopping baswise from the replica FET is applied between drain and source
band tone. The VCO upconverts the DAC output in a singlef A, the principal FET, raising its excess noise factof'to
sideband mixer. Quadrature LO2 is generated by dividing tide large inductors and capacitors suppress signals applied to

IV. CIrRcuUIT DESIGN
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Fig. 3. HSPICE subcircuit to capture enhanced thermal noise.

M from appearing in the replic®/ ». This subcircuit works well M1
when the drain and source diffusion resistors have negligible T _T_
effect. -
i ) ) Cs=Cl+0LCdg1
Noise measured at 50 MHz on a single FET biased at the
same point as the LNA shows thet = 3. This was used to (®)

simulate the actual LNA at 2.4 GHz, including a package modg. 4. (a) Common-source LNA circuit. (b) How cascode FET contributes RF
where the pin inductance and capacitance is calculated base8%it:
physical dimensions.

In [12] it is shown that feedback throudlt; drives theYi, 22 ; Substrate contaet [T TTLILI L
of the LNA away fromY*OPT and raises the NF. The higher 217\~ Simple Layout-  mainsource ETTIEILITH
the Ce:p or the gain from gate to the drain of the input FET 2 F- X\ frie Ml Draln > e Gasa0de/Gate
the larger will be the NF. This effect is important here becaus ™[ N\ g ;a::;:-::/l:ri:cascodeleate
of the relatively large&Cqp in 0.6-um CMOS, and it is used to ne 18X i Mainvsource [ LTETEIED
optimize the size of the cascode MOSFET. (@) MR Substrte contact [T TTLITITY

2) LNA Optimization: Choosing the right size of FET and 16 :
laying itout well are bothimportantto obtainagood LNA. Fig.¢ /1 T ]
shows a simple CS LNA in cascode configurationtolowerund: 451 .. i . .Af,pua; ,G,a,t.e_ Layout |
sired capacitive feedback. However, now the combined junctic  ;,

capacitance at the common node raises the noise the casc 50 10 150 200 250
FET contributes to the output at 2.4 GHz. This junction capac.- Width of Cascode FET (um)
tance may be lowered with a dual-gate layout [13]. Fig. 5. Overall noise figure at 2.4 GHz for CS LNA(, — V; = 300 mV).

Fig. 5 shows how LNA NF varies with the width of the casnset shows dual-gate layout.
code FET, for a fixed input FET of 150/0,6m with interdig-
itated layout biased dt,, — V; = 0.3 V. The NF is close to 00 ‘ : : s
minimum when the two FETs are the same size, which give: “ : :
the opportunity to merge them into one dual-gate FET. This las
step further lowers the NF by 0.2 dB because of the lower junc
tion capacitance. NF 1.9

The dual-gate design is explored across various widths at 18
constant bias of 4 mA, and the resulting NF and IIP3 is showr 17
in Fig. 6. For each width, the input ideal matching circuit is 16
adjusted to obtain narrowband input impedance match .50 5 : : :
If Cep and induced gate noise were both zero, the NF woulc “50 100 150 200 250
fall indefinitely with width. However, the noise voltage across input & Cascode FET Width (um)
Cgp rises at small FET widths and degrades NF. The size of
150,m/0.6:m is finally used because it gives largest dynamlcg 6. NFandlIP3 ofa simple CS LNA versus MOSFET width.
range, and close to the lowest NF.

The LNA (Fig. 7) is fully differential to minimize the effect with each FET biased at 4 mA. The on-chip lokg =
of noise and interference from other blocks. Three downbongsa single-layer rectangular spiral inductor in metal-3 layer de-
(each about 1.8 nH) in parallel implemeht = 0.9 nH to signed using in-house software to give the highest impedance
present 542 real resistance at the gate of the input MOSFE[LL4].

2.1
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Vdd TABLE |
SIMULATION RESULTS OFONE DIFFERENTIAL RF MIXER

InputDev. || Ipjas Gain Vv, diff. IIP3 (dBm)
8 Ld size(Wm) [ (mA) (dB) | (nVAHz) | Ref. 100Q diff.

Board(0.17pF) — To
Matching(2.2pF 6.80H) — Mixers 2511 0.95 -5 9.4 a
50/1 1.9 0.5 6.2
W [FediageH Wz 75/1 2.7 3 5 15.5
= d(0.6pF,2nH) =~

X 4 KkT/Ry. Considering that for an ideal doubly balanced mixer,
bond  Ubles the voltage conversion gain@ain, = (2/7 )., Main-R 1, and

using results from [15]:
Fig. 7. Complete circuit of differential common-source LNA.

Relative Load Noise
12 (load) 1 2

12 (transconductance) v 7Gain,

()

Two major sources of nonlinearity in the mixer are the input
transconductor and the switches. As is now customary for MOS
mixers, the transconductor consists of a grounded-source differ-
| a~[_Paras. | [T1_cpy ential pair. The FETs are biasedla = Vgs — Vi = 0.5 V.

T

195V Sm%i(tei;/e Simulations show that this circuit is 10 dB more linear than a
) - 2 W3 1a 62K differential pair with a constant tail current, leading to a mixer
| ; [IP3 of +18 dBm referred to 10 differential source resis-

n"'% 2511 G' Iny tance. With the output biased at 2 V, the transconductor and the

50/1 o1 1-8pF switches contribute equal nonlinearity at a mixer gain of 5 dB.

SWM13I_ _Izswmz . The DR of the front-end may be slid up or down. When the

esired signal is low, the front-end NF must be lowest for sen-

(a) sitivity. If the desired signal is larger, a higher NF can be toler-

ated, and the DR is slid up for higher 1IP3 by switch selecting

Switching MOS/Drain the gain of the RF mixer and IF1 amplifier. Mixer transconduc-

tance FET size may be selected as 25/1, 50/1, or Z&11DC
and ac voltage drop across the switches is negligible. Table |
SW. MOS./Drain = summarizes simulated mixer performance. With 50# input

) ) = FETSs the switches and resistive load each contribute about 27%
(b) of the total output noise.

The mixer is ac-coupled to the LNA output. The LNA output
is biased at a high level for linearity, while the mixer input is bi-

. ased close to ground. The coupling capacitor is poly over diffu-
B. RF Mixer sion. Its voltage coefficient and bottom plate parasitic degrade
The RF mixer downconverts the RF band (2.402 to 2.48@earity. The bottom plate is connected to the LNA output to
GHz) to IF1 (188 MHz) with tunable low side LO injectionabsorb the parasitic into the tuned load, and also to raise the re-
(2.212 to 2.292 GHz). Passive FET downconversion mixeverse bias across the bottom depletion layer. The output of the
used in quadrature arrangement with capacitive loads suffeixer is ac-coupled to the following amplifier, for the same rea-
from large conversion loss because they are nonunilateral [12)ns. The total voltage loss due to the input and output coupling

Therefore, the Gilbert-cell-type mixer (Fig. 8) is used. Shamgapacitors is about 2.5 dB.

transitions in the LO waveform lower both the noise [15] and At moderaté/.g, g.,, is proportional to the overdrive voltage,
distortion due to mixer switches. Raising the amplitude of @and so is the IM3 for a given input. Therefore, doubling theg
sinewave LO sharpens the transition, but if the LO voltage constant bias current halves thg (3 dB higher input noise)
drives the switch FETs deep into triode, mixer nonlinearitjut raises IIP3 by 3 dB [10]. Thus at a fixed power consump-
worsens because of the nonlinear output resistance of then, the input dynamic range is always constant. On the other
transconductance FETs. In the circuit of Fig. 8(&p.. hand, switch selecting a smaller MOSFET at constagtwill
should be minimized to reduced the noise contribution of thewer mixer gain and when the mixer is the bottleneck, improve
switch transistors [15]. The pseudo-dual-gate layout shownadnerall linearity, at the price of higher mixer NF and lower spu-
Fig. 8(b) lowers the switch noise contribution by 2 dB. Theious-free dynamic range (SFDR).

switch FETs are biased &s — V; = 0.2 V for best noise and A two-stage LO polyphase filter generates quadrature signals
linearity. With resistive loadR,, the resulting noise current isfrom a differential LO input to the receiver. The quadrature ac-

SW. MOS/Source

Fig. 8. a) RF mixer. b) Pseudo-dual-gate layout of switching transistors.
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_E SW Fig. 10. IF1 and LO2 polyphase filters.
Fig. 9. IF1 amplifier. LO; LO,
R
TABLE 1I pad Resor
SIMULATION RESULTS OF THEIF1 AMPLIFIER AND BUFFER r S ON
ON

Wegs Lias | Gain | V, diff | IP3
(um) | (mA) | (dB) | (nVANHz) | (dBm)

Fig. 11. Passive mixer with padding resistors.
40 6.2 6 4.6 15

70 8.5 10 35 10.5

characteristics of the IF1 amplifier with two gain settings. At
the lower gain setting, the cascade loss is about 1.5 dB from

curacy must be enough for 38-dB image rejection over a ngf_e input of theT IF1 amplifier, through the polyphase filters and
1.6 to 2.6 GHz, which covers the input 80-MHz tuning range RiXers, to the input of the IF2 amplifier. _

the first LO and allows:25% safety margin for process spreads Following this amplifier, a two-stagRC polyphase filter re-

in the R x C defining the filter zeros. The capacitance at thi€Cts the image of the first mixer by about 35 dB. For this image
LO input of the RF mixer loads the polyphase filter output, incejection, the RF mixers should match in gain by about 2%, and
creasing loss in its passhand. To overcome this, four on-chip fi€ Phase accuracy of the quadrature LO should be commensu-
ductors are placed at the LO inputs to resonate with this capd@t®- The IF1 polyphase filter (Fig. 10) is designed for this image
tance. LO1 inductors are made by three layers of metal in sefgction over the required BW.

for L = 5.5 nH, self resonance at 3.2 GHz, afdy = 14 Q

[14]. Simulations show that these inductors lower loss in tHe IF Mixer

polyphase filter by 3.5 dB. The much greater challenge is in the IF mixers, which must
reject the image by 60 dB after downconversion from 188 MHz
to IF2. Now the mixer gain must match to 0.1% [7]. In a
The IF1 amplifier gain of 5 dB compensates loss in the IFGilbert-cell mixer, matching the transconductors to this level
polyphase filter and in the passive IF mixer. Furthermore, tequires very large-area devices300 pm?), or very strong
avoid overload by adjacent channels, it drives the strongly frdegeneration with well-matched resistors. Since the high input
guency-dependent input impedance IF1 polyphase filter wiftequency to the mixers requires a highfor the input devices,
low source impedance [7]. The first stage of the amplifier iheir channel length should be close to minimum. Large area
common-source with 11-dB gain (Fig. 9); like the RF mixer, ithen is obtained by scaling up width, resulting in a proportional
uses a grounded source FET input stage to improve the linearnitye in power consumption. Strong degeneration requires a
Without cascode devices, the simulated IIP3 of the CS amplifiarge ratio ofVg gegen/(Vas — Vi), which is not practical at
is about+24 dBm (referred to 10Q), so that at minimum gain low supply voltage. For these reasons, Gilbert-cell-type mixers
of 11 dB, the resulting 1IP3 is-12 dBm. A cascode suppressesire suitable for moderate image rejection of up to 40 dB or
rps honlinearity. At an input bias of 1.5 V, the IIP3 of the CSs0, but well-matched passive mixers are the better choice for
amplifier with cascode (Fig. 9) improves428 dBm, now lim- higher image rejection.
ited by the input FET nonlinearity. One solution to improve gain matching of passive mixers,
The nMOS source-follower (SF) second-stage level shifts tshown in Fig. 11, is to pad them with well-matched resistors.
signal to the 1.3-V bias required by the IF mixer. However, thé the switch on-resistance is much smaller than the padding
output signal suffers loss and nonlinearity due to body effecesistor, the latter sets the mixer gain. The sensitivity to the
The bias current and the size of the input device are optimizeditch ON resistance is now lower by the fact@®p.q/ron-
for the required output impedance with best linearity. WheFhe polyphase filters surrounding the IF mixer naturally pad the
loaded with the polyphase filter, its 1IP3 #s27 dBm and gain mixer switches with well-matched impedance.
is —4 dB. As the mixer transitions fron®N to OFF, its ron rises and
To slide dynamic range, the effective size of the input MOSvill exceedRp.q. TO avail the benefits of padding, this transi-
FETs is switchable from 40/1 to 70/2m. Table Il shows the tioninterval must be made as short as possible relative to the LO
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— IF1a
e S 2.07
60/0.6 um § E |gT_| 240/1
e e 0.65V ias
1K - = 180108
{F1a IF1a, IF2 lFf
! — poly poly
IF1 > Loz,I‘F1a° LOg s 120/1
200 MHz % g g
IF1a, g _ﬁ_ OutputDC =2V
— 2 e
— Poly IFlag IFlag Fig. 13. IF2 amplifier.
Phase IF1 b| > E{F1 ba Lo, >
x2 IF1bg E- §- on the design of the IF2 polyphase filter [7]. For uniform image
% % rejection across the band, the higher the sighak/ fiin, the

more polyphase filter stages needed in cascade. Theoretically

IFibq _::::" with perfect components, a five-stage polyphase filter is needed
> LOgy ' Log > toreject the image by 60 dB over a BW of 3.5 to 20 MHz. This
t g &  coversthe maximum channel BW of 10 MHz, and allait25%
' & & margin for process spreads if [F=210 MHz.
Resistor e ) . . . .
— =T Various options were considered to customize the polyphase

filter to the widely varying channel bandwidths, such as scaling
Fig. 12. Isolating resistors before the passive 4-mixer structure lower IoadiH:2 with bandwidth, or SWItChII’.lg t,he elements of t,he polyphase
between the differential inputs, and undesired charge sharing between fﬂl&@r- None were found beneficial in terms of reducing chip area.
capacitive loads. The passive polyphase filters and passive mixers are lossy.
Without amplification, their total loss exceeds 20 dB and will
period. If the shortest transition time is limited by, say, the risetegrade the overall receiver NF. If the IF1 amplifier were solely
time of CMOS inverters (0.3 ns here) which drive the mixersp compensate this loss, the 20-dB gain would degrade both
the longer the LO period, the better the suppression of FESFDR and blocking dynamic range. Instead, gain is distributed
mismatch. Thus in 0.sm CMOS, mixers that must reject thepetween the IF1 amplifier and a second amplifier, which is
image by 60 dB should not be switched at LO frequencies highgstimally placed where the losses preceding and following
than a few hundred megaHertz. This justifies the choice of theare roughly equal. This point is after the first stage of the
dual-conversion in this receiver. IF2 polyphase filter. The amplifier gain is 10 dB, and it drives
When passive mixers are configured into the single sidebagi@ polyphase filter with low output impedance (Fig. 13). In
select arrangement implementing the relationghipf +-Q x @ addition to the requirements of modest power consumption,
and/ x Q — @ x I, where the terms in each product refer tadequate DR, gain, and low output impedance, any amplifier
the IF input and the LO, the four nonunilateral switch MOSinserted in the twal and @ branches of the polyphase filter
FETs short together the differential inputs. In other words, thgust also match in gain and phase to 0.1% for 60-dB image re-
circuit driving the mixers is loaded by a small resisboron, jection. This requires very careful design. From [&6}, = 10
leading to large attenuation, which is overcome by dissipatingv/,/WL for the 9-nm gate oxide of this process. From
more power in the driving circuit. To circumvent this problem(17] o5/ is 0.7%4/WL for 0.8-um CMOS, which is used
isolation resistors between the mixers can raise the impedaagea pessimistic estimate for Q81 CMOS. As the desired
between differential inputs, as shown in Fig. 12 [7]. The resiamplification bandwidth at IF2 is about 20 MHz, long-channel
tors raise the total conversion loss of the passive mixers frqrETs with low f7 may be used. The gate area of these FETs is
4 to 5.5 dB, but this is acceptable. Simulation shows that thgrge at modest W/L ratios, which means that good matching is
loss is 1.5 dB higher if the isolating resistors follow the mixersichieved without prohibitive bias current. The final amplifier,
The sources/drains of the switch FETs are biased at 1.3siown in Fig. 13, was designed using Monte Carlo simulations
With W/L = 60/0.6 um and 3.3-V gate voltageox is 702 in HSPICE, with an added safety margin of 2
for each switch. CMOS inverters driving the LO port switch The input of the common-source stage is biased by the output
from 0 to Ve (3.3 V). Isolation resistors are 1% and the of the IF1 amplifier through the preceding polyphase filter and
polyphase resistor after the mixer 5.8 kThus, the padding passive mixers. The source follower output is ac coupled. The
impedance is two orders of magnitude larger thgi. Now  coupling capacitor between the two stages creates zero at dc and
the mixer FETs may mismatch by up to 8% without degradingple at about 5 MHz. This partly compensates high-frequency

image rejection. droop in the polyphase filter passband. All four IF2 differential
- ] amplifiers drain a total of 9.5 mA. Its input-referred noise, in-
E. IF2 Amplifier and Polyphase Filter cluding the filter load, is 6.4 n\{/Hz, and 1IP3 is+15 dBm

AtIF2, this receiver amplifies and filters in scalar, not quadraeferred to 10d2. Now the loss from the input of the IF2 am-
ture, paths. Therefore, to avoid spectrum folding around 0 Hdjfier to the output of the IF2 polyphase filter is only 1 dB.
IF2 must be chosen higher than BW/2, where BW is the band-On the chip, all amplifier FETs are placed in the same orien-
width of the widest channel. This has important repercussiotaion, and dummy stages on both sides of the amplifier array
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Fig. 17. Simulated (solid) and measured (points) results of three samples for
the stand-alone LNA. (a) Gain. (b) NF.
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protect against no_nunlform lithography at the bounda_ry. A W|q§g_ 18, Input-referred third-order intercept point (1IP3).
common-ground line lowers stray IR voltage drop, which woul

introduce mismatch. The layout is on a common centroid tq . .
. . - alone version of the LNA was fabricated to compare measured
cancel linear processing gradients.

The resistance tapers up in the polyphase filter Stagesypaesrformance with simulation results. Fig. 16 shows the mea-

shown in Fig. 14, to lower passband loss [7]. The resistancesq‘red and simulategh of the LNA. The measured and sim-

the fifth stage, where the signal is attenuated most after IF2 aﬂ@t?d NF and_ gain for three samples of_the LNA are compared
e . . ) . n Fig. 17. Owing to careful noise modeling, an accurate model
plification, as well as resistance in the first stage, prior to ampll-

I . . . ~of the package parasitics, and the correct de-embedding pro-
fication, together determines total noise. The optimal orderlré% . .
. . ure [18] the NF is predicted very accurately. The measured
of the polyphase filter stages to best balance loss, noise, antglj . . . .
T ; . gain is somewhat lower, probably due to a slight mistuning of
loading is found through simulation. S . T . .
the output circuit, and because loss in the drain junction diodes,
which is known to lower the gain [19], was not simulated. The
measured IIP3 of the LNA is shown in Fig. 18.
Fig. 15 shows the die photograph of the complete receiver. ItTable Il summarizes the measured performance of front-end
is implemented in a 0.(:m single-poly triple-metal epi-CMOS and downconversion part of the RX in three gain modes oper-

process, operating at 3.3 V. The chip area is 20°minstand- ating from a 3.3-V supply. This comprises all the blocks from
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match to better than 0.1% in gain, as designed, to deliver this
image rejection.

The chip was mounted in a 64-pin ceramic quad flatpack

TABLE I
MEASURED PERFORMANCE SUMMARY OF THE FRONT-END AND IMAGE-REJECT
DOWNCONVERSIONBLOCKS
Mode 22GHz |270MHz || Idd Gain NF 1P3
mixer gain | amp gain || (mA) | (dB) (dB) (dBm)
1 H H 36 20.3 72 95
2 M 324 143 11 -6.8
3 L L 30.7 9.2 16 -34

A

Image rejection (dB)

. . . : j_]
3 . i [ K [
50 100 150 200 250 -300
IF1 (MHz) [2]
Fig. 19. Measured on-chip image rejection for RF mixer. Inset shows
frequency response of antenna prefilter.
(3]
8{‘ ¥ T Al L ¥
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2
c [
2 60
2 :
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> :
g% z [6]
30 5
5 (7]
20 i i i i i
0 10 15 20 25 30
IF2 (MHz) [8l
Fig. 20. Measured on-chip image rejection for the IF mixer. [9]
[10]

the input of the LNA to the output of the IF2 polyphase filter.
The measurement results of the IF strip (from input of the PGA1
to the output of the RX) and the whole RX are presented elsd11l
where [2]. Fig. 19 plots the on-chip image rejection of the RX

at the first IF of 190 MHz. The wideband image rejection of 35[12]
dB is close to the intended value, the remaining rejection being
obtained from the stopband of the preselect filter. Image rejecm
tion at the second IF of about 60 dB is shown in Fig. 20 for three
samples. The main difference from the results reported in a pro-
totype earlier in [7] is that the IF2 amplifiers are embedded in[14]
the polyphase filters. It may be concluded that these amplifiers

(CQFP) for all tests. Unlike the discrete chip components
matching the input impedance of the stand-alone LNA, trans-
mission line stubs and two capacitors are used in a differential
arrangement to match the input impedance of the LNA in the
complete receiver.

VI. CONCLUSION

fully integrated double-downconversion low-IF super-

heterodyne RX is implemented in a 0.8a CMOS process.
Together with the preselect filter, the circuit obtains a minimum
67-dB image rejection at the RF mixer. By means of polyphase
filters and a double-quadrature downconversion, the image after
IF downconversion is repeatably rejected by 60 dB on-chip.
The gain of the RF mixer and IF1 amplifiers is switched to
optimally slide the RX dynamic range. The front-end and
downconversion blocks drain 35 mA from a 3.3-V supply
and provide maximum gain and 1IP3 of 20.3 an@.4 dB,
respectively. The minimum cascade NF is 7.2 dB.
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