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Abstract—This paper presents a 12.4-mW front end for a 5-GHz » HIPERLAN U-NII
wireless LAN receiver fabricated in a 0.24pm CMOS technology. AN
It consists of a low-noise amplifier (LNA), mixers, and an auto- | P |
matically tuned third-order filter controlled by a low-power phase- 5.15 530 5.35 *5725 5.825GHz

locked loop. The filter attenuates the image signal by an additional

12 dB beyond what can be achieved by an image-reject architec- (@

ture. The filter also reduces the noise contribution of the cascode 23.5MHz

devices in the LNA core. The LNA/filter combination has a noise

figure of 4.8 dB, and the overall noise figure of the signal path is / X X X X X X X \ -
5.2 dB. The overall IIP3 is—2 dBm. 5.15 5.35 GHz

Index Terms—Automatic tuning, CMOS analog integrated ©

CirCUitS.’ high-freguency filters, HIF.’ERLAN,'image-reject circuits, Fig. 1. (a) U-NIl and HIPERLAN frequency bands (b) proposed channel
low-noise amplifier (LNA), notch filter, receiver front end. allocation.

|. INTRODUCTION to each other, the received signal strength can be as high@s
) dBm. A highly linear receiver is needed to accommodate such
T HE GROWING popularity of notebook computerssgng signals. On the other hand, the received signal can be
 demands high data-rate wireless LAN systems. Manyite weak due to fading. The receiver must be sensitive enough
existing wireless LAN systems operate in the 2.4-GHz ISN} qetect signals as small asl48 dBm/Hz. (i.e.,—74 dBm
band. These products currently achieve maximum data rags 5 24-MHz bandwidth signal [7]). To have a predetection

of 1-2 Mbits/s. The need for higher data-rate wireless LANgna-to-noise ratio (SNR) of at least 12 dB, the overall noise
products prompted the Federal Communications Commlssqyﬁe of the receiver must be better than

(FCC) to release 300 MHz of spectrum for the unlicense
national information infrastructure (U-NII)[1]. Using this NF = —148 dBm/Hz— 12dB — (—174 dBm/Hz) = 14 dB

newly released frequency band, wireless LAN systems can . ) )
provide data rates of several tens of megabits per second. re—174 dBm/Hz is the available noise power of the source.

allocated frequencies overlap the European standard for tHdS noise figure is readily achievable in CMOS with a reason-

high-performance radio LAN (HIPERLAN) frequency band a&P!Y Iow power consumption. _ L
shown in Fig. 1(a). The receiver uses the channel allocation depicted in Fig. 1(b)

The superheterodyne architecture is the most widely uswhere the lower 200 MHz of the U-NII band is divided into eight

architecture for wireless receivers. Monolithic image cancellghannels, éach 23.5 MHz wide. This choice of channel spacing
tion has always been a challenge due to the design problem&dt!ly compatible with the HIPERLAN standard.

on-chip filters. The use of image-reject architectures alleviatest19- 2 shows the block diagram of the receive path. The
this problem to some extent. Typically, these architectures cB¥Stem uses two sets of local oscillators (LO’s) to implement
practically achieve 30-40 dB of image cancellation [2], [3]. 2" Image reject architecture commonly known as the Weaver

This paper describes the design and implementation oftighitecture. The LNA is followed by a first set of mixers to
12.4-mW CMOS front-end receiver for a 5-GHz wireless LANProduce the and@ components of the intermediate-frequency
system. The receiver uses a tunable third-order filter, whiélf?) Signal. A tunable third-order filter alters the transfer
is automatically tuned by an image-reject phase-lock |oé:61aracter|st|c of the LNA to achieve further attenuation of the
(PLL), to alter the transfer function of the low-noise amplifiefage signal. A PLL automatically tunes the image-reject band
(LNA). The LNA/ilter combination provides an additional©f the filter to the image frequency [4]-[6].

12 dB of image rejection beyond what can be achieved by an't is important to mention that the circuit implementations of
image-reject architecture. the voltage-controlled oscillator (VCO) and the filter are exactly

the same. Because of this similarity, the locations of the pole and
zero of the filter are closely related to the oscillation frequency
of the VCO. The VCO and the filter share the same control
_Wireless LAN systems require re_ceiver architgctures Wititage, and since they are topologically identical, locking the
wide dynamic range. When a transmitter and receiver are clageo frequency to the frequency of the image signal tunes the
notch frequency of the filter to the image frequency.
Manuscript received August 9, 1999; revised November 24, 1999. This work A passive mixer downconverts the VCO output by mixing
was supported by IBM Corporation and Stanford Graduate Fellowship Progragmywith the first LO. A phase/frequency detector (PFD) com-
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To second set of mixers .
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Fig. 2. Block diagram of the receive path.
Lo 16 . TABLE |
17 [Sig Satellite downlink 17 ~Sig MEASURED SIGNAL -PATH PERFORMANCE
T . | T\ | T /\ LNA performance
LO, 7 A > Noise figure 4.8dB
2 Voltage gain 18dB
S11 -12dB
Image-rejection (filter only) 12dB
~ Receive path (LNA+mixers) performance B
; LN - Total noise figure 5.2
Low-power injection-locked frequency dividers Total voltage gain 12dB
(b) Input-referred IP3 -2dBm
1-dB compression point -14dBm
Fig. 3. (a) Frequency planning and (b) ease of implementation of the second Power dissipation
Lg. (a) Frequency p g and (b) p TN 7 2mW
Image-reject filter 1.0mwW
Image-reject PLLVCO 3.2mW
condition is reached when the downconverted VCO output has ?i?slcircuitry@ o 1 é(’:‘r‘:’w
. otal power :
the same frequency as that _of the second I__O. That is, the PLL Implementation
locks when the VCO output is tuned to the image frequency. Die area 1mm?
This particular PLL structure eliminates the need for fre- Technology 0.24-um

CMOS

guency dividers in the loop by using the pregenerated LO
signals. Since there are no power-hungry dividers in this
structure, the image-reject PLL consumes little power (Table Dsing large devices, which would reduce the undesirable effects
An on-chip synthesizer generates the two sets of LO frequenf-flicker noise.
cies, LQ and LG, with a PLL. The synthesizer architecture A very well-known LNA topology uses a cascode structure
is beyond the scope of this paper but is described in a comith inductive degeneration. It is possible to modify the transfer
panion article [8]. The radio-frequency (RF) input lies in théunction of this LNA by arLC tank circuit, as shown in Fig. 4(a)
5.15-5.35-GHz frequency band. The frequency of the first LQ20]. The LC circuit has a low impedance at the frequency of
is 16/17 of the RF input, and the frequency of the second LiBe image signal, i.e., the series resonant frequency of@he
is 1/17 of the RF input, as shown in Fig. 3(a). Because of thesiecuit is the same as the frequency of the image. The resulting
choices of the LO signals, the image signal lies within the dowtransfer function is depicted in Fig. 4(b). At the frequency of the
link frequency spectrum of a satellite system and is relativeljnage signal, thé.C circuit steals the current away frofs,
weak. It is also fairly easy to obtain the second LO from théhus reducing the gain at that frequency. Although this circuit
first LO using low-power injection-locked frequency dividersgan help to achieve further filtering of the image signal, the noise
shown in Fig. 3(b) [9]. The frequency of the second LO is choséigure is degraded due to the finite impedance ofltRecircuit
to be fairly low (around 300 MHz) to alleviate some well-knowrat the signal frequency.
problems of the direct conversion receivers such as self-mixingAs shown in Fig. 5(a), the noise performance of the cas-
and dc offset. A low-frequency second LO would also mean thabde structure is further degraded by the parasitic capacitance
the second set of mixers (in the Weaver architecture) can be batlhode X. This parasitic capacitan€g lowers the impedance
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Fig. 6. (&) Circuit diagram of the LNA with a third-order filter, (b) input
impedance of the filter versus frequency, and (c) the transfer function of the
LNA/filter combination.

at node X and reduces the gain of the cascode structure. The
presence of this parasitic capacitance makes the noise contri-
bution of A73 more pronounced (see the Appendix.) To reduce
the noise figure, the effect of this capacitance must be nulli-
fied. An inductor placed in parallel with this parasitic capaci-
tance is a remedy to the problem. In Fig. 5(b), noise figure is
plotted versus frequency. The noise performance of the LNA is
improved with the help of the inductor.

Combining the ideas depicted in Figs. 4(a) and 5(a) would
result in the circuit shown in Fig. 6(a). The filter comprises
an inductor, a capacitor, and a varactor. The filter has a low
impedance at the frequency of the image and a high impedance
at the frequency of the signal. The input impedance of the filter
Z can be written as

Zy(s) = L;- (O34 Cy)s* + 1
! _Cl'Cg'L;)'S?’—i-Cg'S.

1)
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Vbias

Mixer

Fig. 8. A simplified circuit diagram of the VCO and PLL mixer.
Fig. 7. Simplified circuit diagram of the LNA and filter.

on-chip interference. Also, the differential architecture allevi-

The filter has imaginary zeros at ates the problem of parasitic source degeneration. To achieve
the required high linearity, the LNA consists of only one
w, = i; (2) stage, formed by transistofd; —M,. Inductive degeneration is
Ls - (C3+Cy) employed in the sources @f; and M- to produce a real term
) ) in the LNA's input impedance [11].
and imaginary poles at CapacitorsC;—C, and inductorsL; and Lg form a differ-
1 ential version of the filter discussed previously. The volt&ge
wp = E—me—-=. (3) controls the location of the pole—zero pair by changing the ca-
VL5 Cl pacitance of the accumulation mode varactrandCs.
The location of the pole—zero pair on the imaginary axes is con- 1€ cross-connected differential paif; andMs, generates
trolled by the varactor. a negative impedance to cancel the losses in the filter, which

Fig. 6(b) shows the input impedance of the filtgrf| as a are mainly du.e to the finit&) of the .inductop The depth of
function of the frequency. The resistance looking into the sourB#® notch in Fig. 6(c) depends on this negative impedance. By
of the cascode devicem; !, has also been marked on the sam@h00sing a correct value for the tail curred (n Fig. 7), one
graph for comparison. For frequencies close to the location $i" €asily adjust the amount of image rejection without jeop-
the zero, the filter has an impedance Iowertbargl and steals ardizing the stability of the filter. The I._NA/fllte_r comb|nat|on_
the ac current away from/s, thus reducing the LNA gain. At becomes unst_able when the net negative a<_jm|tt_ance of the filter
frequencies close to the polgZf]| is larger thangm; ' and (after subtracting thg internal losses of the filter |tself_) becomes
the LNA gain is high. The resulting transfer function of th&€omparable tgrm;. Since the LNA core has a much higher bias
LNAVfilter is shown in Fig. 6(c). The transfer function has &urrent than the filter, there is a large margin of safety in this
narrow valley, so for correct image cancellation, the zero my&gSign. According to simulations, in our conservative design,
occur at the correct frequency. On the other hand, the pealmg talll current can _be increased by a factor of three before the
wide-band and the exact location of the pole is less importankNA/filter combination becomes unstable. .

The third-order filter is designed not only to reject the image The filter also re_duces the noise flgure of the cascode devices,
signal but also to diminish the effect of the parasitic capacitangbthe cost of adding some extra noise of its own. However, the
atnode X. Thus, by providing a pole (parallel resonance) as wiifS current of thel/; and Mg pair is much lower than that of
as a zero (series resonance) the filter achieves image rejecif¥hcascode deviceil; andM,, so the net effect is animprove-
and good noise performance at the same time. Although (1)-[B§nt in the noise figure (see Appendix).
need to be modified slightly to include the effect of this para:
sitic capacitance, the foregoing argument is still valid (see Ap-
pendix). Fig. 8 is a simplified circuit diagram of the VCO and mixer

used in the PLL loop. The same filter structure is now used as
Ill. CIRCUIT IMPLEMENTATION a VCO. The only difference is the increased tail current neces-
) sary to sustain oscillation. The mixer consists of four transis-
A. LNA and Filter tors, M,—M,. The similarity between the topologies depicted

Fig. 7 is a simplified schematic of the LNA and filter.in Figs. 7 and 8 suggests that the oscillation frequency of the

A differential architecture is selected for better rejection ofCO is a good measure of the zero location of the filter. A

Image-Reject PLL
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Fig. 9. Loop filter.

PFD, charge pump, and loop filter follow the mixer to complete
the loop. Since these three blocks work at the frequency of the (a)
second LO, they consume little power (1.1 mW). SMA connector (or antenna input)
The offset PLL topology used for tuning can potentially lock '/ Coupling capacitor
towro, +wro, instead ofvr.o, —wro, . Several safety features '/
are imbedded in the design of the PLL to avoid this threat. First,\\\<%, G,
the VCO locking range is limited ando, + wr.o, IS outside
the locking range of the VCO. In addition, as shown in Fig. 9, a
switch is placed at the output of the loop filter to reset the VCO
input to zero at the beginning of each channel select cycle. Whei
the switch is released, the VCO input ramps up and the loop cal
only lock towro, — wro,. Finally, to avoid overshoot on the
control voltage that might otherwise force the PLL to lock to an
incorrect frequency, the loop filter is designed such that the PLL

is overdamped. Coupling capacitor

Package

-
LNA inputs
‘/

P 4
Sliding capacitor

C. Mixers

The output of the LNA is downconverted by the first set of (b)
mixers to produce thé and @ components of the IF signal.
We chose a passive ring mixer topology for improved linearitfi9- 10-  (2) Ring-hybrid and (b) input matching circuitry.
These signal-path mixers are identical to the mixer used in the
PLL (Fig. 8). Each mixer consists of four transistors, groupeshch other. Because of the impedance and phase relationships
together into two pairs of transistors. During each half-cycle shown in the structure, power fed to port A splits equally be-
the LO signal, the RF port is connected to the IF port with @veen ports B and D with a 18(@hase difference, and port C

different polarity, as described in detail in [11]. remains isolated. Note that to maintain matching, the character-
istic impedance of the ring is designed toy2Z,, whereZ, is
D. Biasing Circuitry the characteristic impedance of each port.

The biasing of the receiver front end is accomplished on-chip The off-chip matching circuitry is shown in Fig. 10(b). A
through the use of a rather standard self-biased congtamef- ~ Sliding capacitor and two parallel transmission-line sections
erence [12]. This type of reference generates the right curr&Qinprise a differentiak-match. Matching can simply be done
so that the transconductange: is proportional to a reference through trial and error. A 5@ resistor is used to terminate port
conductance AR. So, the output current of the bias circuit i<C Of the hybrid ring balun. The value of the sliding capacitor
whatever is necessary for the transconductance to foljaf 1 IS determined based on the input impedance of the LNA and
Regulatinggm reduces the dependence of the LNA gain, thRarasitic inductance and capacitance of the package and bond

transfer function of the filter, and input matching on supply andires. In this design, the estimated pin inductance is 3 nH and
temperature variations. bond-wire inductance is estimated to be 1 nH/mm.

E. Input Matching Circuitry IV. MEASUREMENTS

The differential inputs of the LNA must be coupled to the The front-end receiver has been implemented in a Qu24-
single-ended output of the antenna. A single-ended to differeBMOS technology; the die micrograph is shown in Fig. 11. The
tial coupler (commonly known as a balun) is needed to achieghip consumes 12.4 mW from a 2-V power supply and occupies
this task. A simple, yet effective way of designing a good balunmn? of die area. It uses eight spiral inductors with patterned
at 5-GHz frequency range is to use off-chip microstrip lines. Thground shields for improved quality factor and reduced crosstalk
ring hybrid structure depicted in Fig. 10(a) uses microstrip lindgtween spirals [14]. Th@ of the inductors are estimated to be
to generate two outputs that are $8fut of phase with respect about five at the frequency of operation.
to each other [13]. The LNA/filter combination has also been laid out as a sepa-

The ports A-B, B-C, and C-D are separated by, ¥dhd rate test structure so thatit could be characterized independently.
ports A and D are three-quarters of the wavelength away frols shown in Fig. 12, the differential LNA has a noise figure of
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Fig. 11. Die micrograph of the receive path. Frequency (GHz)

~ Fig. 12.  Measured LNA noise figure.
4.8 dB and consumes only 7.2 mW of power. For each point in

this measurement, the image-reject PLL tunes the filter to the Two-tone test (f,=5.250GHz, ,=5.255GHz)
correct frequency.

For measurement purposes, test buffers placed after the two oor
mixers allow characterization of the performance of the signal S ool
path. The overall measured noise figure is 5.2 dB. The input  §
capacitance of each buffer is 0.3 pF. The amount of capacitive 8 00k
loading at the output of the mixers when implemented in a full £
system is lower than this value. Therefore, the test buffers pro- £
vide more than a practical amount of loading, and the measure- g 600y IP3=-2dBm
ment results are realistic. For testing, the,;L€)gnal is applied 3 800l
off chip. The amplitude of the LOsignal at the LO port of the ’
mixer is 0.9 V-differential (450 mV single-ended). It is note- 1000 ) ) ) . ) )
worthy to mention that passive ring mixers are highly linear but -85.0 -30.0 250 200 -150 -100 -50 00
require relatively large LO amplitudes. Source Power (dBm)

The filter consumes 1 mW of power, and the amour;:tlg. 13
of image-rejection boost is 12 dB. The bandwidth of the
image-reject notch is 200 MHz. As discussed before, in a 0.0
more aggressive design, it is possible to increase the amount of
rejection even further by increasing the power consumption of
the filter. The image-reject PLL consumes 3.2 mW of power, of
which 2.1 mW is burned by the VCO. The mismatch between
the notch frequency of the filter and the VCO frequency is mea-
sured to be 0.9%, which is quite adequate for this application.

Fig. 13 shows the results of a two-tone third-order intercept
point (IP3) measurement performed on the signal path. Two -60.0
in-band signals are applied to the system at 5.250 and 5.255 700f
GHz. The measured input-referred IP3-42 dBm. The mea- 200 T
sured input-referred 1-dB compression point of the receiver is -80.0 -70.0 -60.0 -50.0 -40.0 -30.0 -20.0 -10.0 0.0
—14 dBm (Fig. 14). The performance of the system is summa- Source Power (dBm) & _ _14dBm
rized in Table I.

The blocking performance of a receiver is determined by véfig. 14. One-dB compression-point measurement.
ious factors, including its linearity, the phase noise of the VCO,
and the spurious frequencies generated by the synthesizefilter alters the transfer function of the LNA to reject the image
this design, a synthesizer spur that falls in the adjacent changighal and to decrease the noise contribution of the cascode de-
band is the limiting blocking mechanism [8]. The spuris-&4 vices in the LNA core. A PLL structure automatically tunes the
dBc. An undesired adjacent channel that is 44 dB stronger thiiter to the correct frequency.
the desired signal is tolerated for a signal-to-interference ratio

of 10 dB. APPENDIX
NoOISE CONSIDERATIONS

Two-tone IP3 measurement for the RF front end.

-10.0}
-20.0
-30.0
-40.0 |
-50.0F

Qutput Amplitude (dBV)

V. CONCLUSIONS A simple noise analysis of the circuit shown in Fig. 15(a)

Alow-power and highly linear CMOS front-end receiver for ajuantifies the effects of parasitic capacitaite An equivalent
5-GHz wireless LAN system has been presented. A third-ordarcuit for noise calculation at the resonance frequengyis
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wheregq.3 is the zero-bias drain conductance of the device and

1 1! 1
: L 1 X My o v IS a bias-dependent factor. The noise factor of the first stage
A L | s
1 I ] 2
i ' ! v, B &
First st l 4 ! B=1%grr Yo T wrr e %
S1age ~u 1 " ! Second stage ° °
ﬁ'},gg;gg)swmes ' = = 1 (Only drain noise Calculating the total noise figure of the circuit and simplifying
' i 4 modeled) the result using (7), one obtains
w3 C?
Tout Fno—ﬁlter = Fl + 4R573gd03 <w_g> <92—w3> . (8)
- T m3

Vﬁ _L Equation (8) shows that capacitan€g has a big impact on
2 the noise figure at high frequencies. The effect of this capaci-
tance can be nullified by an inductor. With the help of a par-
(b) allel inductor that resonates with, at the frequency of interest,
the noise factor reduces to that of the first stage. That is, the
Fig. 15. (a) Standard LNA topology and (b) equivalent circuit for noisggise contribution of\/; is negligible whenC,, is effectively
calculations. removed.
To derive the noise contribution of the filter, (1)—(3) must be
modified to include the effect af,.. A more accurate expression

|
— J—C L T212-LMeE for the input impedance of the filtef ; can be written as
Cx I ! SN s 3=—<T Iys
m— L Ly (C3+C)-s*+1

= = = = = = Z =
- 1) = G0 T 00 1 Ca0a) Ly P 1 (G O &
(@) whose imaginary poles are located at
27
? W(1d5+1L5) Wy = + 1 . (10)

CsC,
Ly CL + ——F
\/ < Ao 030)
Fig. 16(a) shows a simplified model for the filter noise. Drain

Fig. 16. (a) Filter noise model and (b) simplified filter noise model at the,5ige of M5 (Fig. 6) has a form similar to (6) and is expressed
frequency of the pole. as

depicted in Fig. 15(b). All parasitic capacitances of node X, as E AR T (11)
well as junction capacitors and the gate—source capacitance of Af T39dos-

Ms, are absorbed int’,. The noise contribution of the inductor is
At the resonant frequency of the input circuit, the impedanc

is purely real and is calculated to be 2, WTC 15
e, (4) Ap = UTGL; (12)
inl — ’ .
Ces1 whereG 5 = Qr;Lswg. Since the) of the varactor is assumed

In Fig. 15(b), all the noise sources of the first stage are mot@ be larger than the finit@ of the inductor [16], inductor noise

eled through equivalent input-referred voltage and current noi§efominant. o
sources, but only the drain noise of the second stage is mod/\SSuming that the filter is tuned correctlyy = w,, and
eled. Including all other noise sources of the second stage oHf"9 (10), the noise model (Norton equivalent) of the filter is

complicates the derivations while adding little accuracy to ttfémplified as shown in Fig. 16(b), where

derived formulas. The equivalent transconductance of the first C2 . 2
. . . _ 3 0
stage when the input is matched is P = 2 (13)
wT <&> ° wg + (GL5 - gnu’))Q
G, = (5) Co+Cs
WORS

) . Note that the impedance of the filter at the frequency of the pole
wherewr = gm1/Cys1, wo is the input resonant frequency ands high enough [compared ton; ! in Fig. 15(b)] and the equiv-

R, is the source impedance. _ alent Norton impedance is ignored. The overall noise figure of
The drain noise current of the second stage is the LNA/filter combination is
s wp
N 4kTv3 9003 (6) Fiot = F1 +1 - 4R (759405 + GLs) | — | - (14)
f Wi
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The measured noise figure of the LNA with the filter is 4.8 dB
whereas the measured noise figure of the LNA without the filt
is 5.5 dB. The filter therefore not only performs image rejectio
but also improves the noise figure by 0.7 dB. To obtain an e
pression forF, please refer to [15].
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