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A 2.4-GHz CMOS Receiver for IEEE 802.11 Wireless LAN’s

Behzad Razavi

Abstract—This paper describes a radio-frequency receiver tar- Baseband
geting spread-spectrum wireless local-area-network applications Amplifier
in the 2.4-GHz band. Based on a direct-conversion architecture, Partial
the receiver employs partial channel selection filtering, dc offset ®_’ Channel-Select — !
removal, and baseband amplification. Fabricated in a 0.§:m T Filter
CMOS technology, the receiver achieves a noise figure of 8.3 dB, LNA coSm| of
IP; of —9 dBm, IP> of +22 dBm, and voltage gain of 34 dB v, o
while dissipating 80 mW from a 3-V supply. sin ® ot Baseband

* Amplifier

Index Terms—Low noise amplifier (LNA'’s), mixers, receivers,

Partial
RF CMOS, wireless local area networks (LAN's). ®—> Channel-Select —H—D—O Q

Filter

. INTRODUCTION Fig. 1. Receiver architecture.
W IRELESS local area networks (WLAN'S) in the 2.4-

GHz range haye_ rapidly emerge_d in Fhe CONSUMBB Y This translates to a 1-dB compression point of roughly
market. Providing flexibility and reconfigurability, WLAN ~30 dBm

standards allow data rates of several megabits/s and serve ag,, \oceiver employs a direct-conversion architecture, a

high-speed links in office buildings, hospitals, factories, ®%hoice particularly suited to the DS-SS standard because of the

For hki)ghr;volume p(;)rtable ag_pligatiqns Sl]fc\?vﬁill\lapmp cor_np%—de channel bandwidth. Recent work using this architecture
ers, both cost and power dissipation o transceive §—[5] suggests that the effect of various imperfections [6],

blecome critical, necessitating compact and efficient solutio can be alleviated by means of circuit techniques. The two
[1]. rincipal difficulties of direct conversion, namely, dc offsets

This paper describes a 2.4-GHz CMOS receiver designed d flicker noise, are treated here to impact the performance
WLAN applications using the IEEE 802.11 spread-spectrumegliglibly 158, 'mp P

(SS) standard [2]. The standard recommends o SS teChI':ig. 1 shows the receiver architecture. In addition to a low-

niques: a frequency-hopped technique with Gaussian minimll’{aise amplifier (LNA) and quadrature downconversion mixers,

shift keying .modulation (GMSK) a”?' diregt sequence (Dsthe circuit incorporates partial channel-selection filtering, ac
technique with quadrature phase shift keying (QPSK) mOdH()upling and baseband amplification.
lation. The receiver reported herein is designed for the latter ’

type.
A. RF Section
The design of the LNA and the mixers is determined by not
only noise, linearity, and gain requirements, but also effects
The DS-SS standard spreads a 2-MHz channel by a facterated to direct conversion: local oscillator (LO) leakage to the
of eleven, generating an output channel 22 MHz wide. Thgtenna and second-order distortion in the RF path. The config-
required sensitivity across this bandwidth-80 dBm for a uyration depicted in Fig. 2 addresses these issues. The cascode
frame error rate (FER) of:810~?, indicating that the sum of | NA reduces the LO leakage while the inductive loading in
the noise figure (NF) and the signal-to-noise ratio (SNR) ifie LNA and capacitive degeneration in the mixer minimize
NF + SNR = 174 dBm- 10log(22 MHz)— 80 dBm = 20.6  the products of second-order nonlinearity. The valu€e{=
dB. Assuming SNRe 10 dB for the required FER and 2 dB4 pF) is chosen such that it exhibits a negligible impedance
of loss in the front-end band-select filter, we arrive at a noigg¢ 2.4 GHz, but a relatively high impedance at frequencies
figure of 8.6 dB for the receiver. below 11 MHz. If two large interferers accompany the desired
Another specification of the standard is an adjacent chang@jnal, then second-order distortion in the RF path creates a
(blocker) rejection of 40 dB when the desired channel is24  [ow-frequency beat that, in the presence of asymmetries in the
mixer, experiences direct feedthrough to the baseband without
Manuscript received February 10, 1999; revised May 10, 1999. fraquency translation [8]. Such asymmetries arise from random
The author is with the Electrical Engineering Department, University of . . . . ..
California, Los Angeles, CA 90095 USA (e-mail: razavi@ee.ucla.edu). mismatches in the mixer itself and the deviation of the LO
Publisher Item Identifier S 0018-9200(99)08233-5. duty cycle from 50%. If the spacing between the interferers

Il. ARCHITECTURE AND CIRCUIT DESIGN
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is less than 11 MHz, then the direct feedthrough component ””;’V’s MG':“_OVLO Icz
falls in the baseband, thereby corrupting the downconverted ° =
signal. In this design, on the other hand, low-frequency beats (b)

generated by the LNA are suppressed by bottf=8 nH) and _ ) i ) .
: . . Fig. 3. Simple sall d key filter. (b) Filt d with output of
C,. Furthermore, the input transistor of the mixel, creates m'i%(er_ (&) Simple sallen and key filter. (b) Filter merged with output o

negligible beat components because of the large impedance of

C, at low frequencies. The effectiveness of these techniques ) o
is evident from the measured second intercept pait) The dc offsets resulting from the self-mixing of LO must be

(+22 dBm). The LNA is biased at 6 mA and each mixer 4Jemoved to avoid saturating the baseband amplifier. However,
3 mA. since QPSK signals translated to the baseband contain signif-

icant energy in the vicinity of zero frequency, the dc notch
filter must exhibit a very low corner frequendy-. Thus, the
B. Baseband Section choice of f is determined by three questions.

The LNA/mixer combination exhibits a gain of approx- 1) How does the notch filter affect the downconverted
imately 24 dB, mandating high linearity in the baseband  signal?
amplifiers. To relax this constraint, partial channel selection 2) How high can f~ be without excessive degradation of
filtering is interposed between the mixers and the baseband the signal?
amplifiers, thus lowering the magnitude of adjacent-channelin-3) How can a notch filer with such a loy be integrated?
terferers. The channel-select filter must contribute little flicker
noise and tolerate several tens of millivolts of dc offset that

;pp(ifg a; t?ﬁ om:tputl of the tr_nixgr d:Jhe to the s_ilf'mi)fin?h aseband pulséstranslated to dc and applied to a first-order
N ' ter topology sa |sfy|ng. ese conditions 1S ?‘uigh-pass RC filter. For the sake of clarity, the bit rate in each
Sallen and Key configuration depicted in Fig. 3(a), wher((;:r the I and Q paths is equal to 1 b/s, and only one path
the amplifier is connected in unity gain and can therefogg shown here. (In the actual design éach of fhand Q
\éwth'stan('j I?r:ge .dC olffse;[itThe r?mpllf;er r;;uit |ntro'duceb f?%tputs carries a data stream at 11 Mchips/s.) Fig. 4(a) shows

evices n the signal path to acnieve Jow TICKer noise, bul the eye diagram of a raised-cosine binary stream with no high-
must also exhibit high linearity. For this reason, the amplifi ass filtering, which indicates that if the data is sampled at
is realized as a source follower incorporating a relatively large _ 10.2 0’ then an exact value of1.0 or —1.0 is

tra1r_1rs],istprt U;/L =b1?00 umt/h12 “.m)' d th b ‘ P tained. Fig. 4(b) depicts the output of the high-pass filter if
€ interface between the mixer an € subsequen o = 0.01 Hz, i.e., 1% of the bit rate. The waveform suffers

Fer would typically require a buffer s'Fage with I_OW outpu rom substantial intersymbol interference and the sampled
impedance so that the filter characteristics remain unalter% lues atl’ — 1.0. 2.0 are degraded by about 3.6 dB

but at the cost of substantial noise and power dissipation d,g@ 4(c) provides the same outputfif = 0.001 Hz, revealing

to the buffer. We recognize that, since the output signal of t esignal degradation of approximately 0.54 dB.

mixer is available in the current domain, the input network of . design incorporates a first-order high-pass filter with a

the filter can be replaced by a Norton equivalent and mergﬁg inal £10 kHz. i bout 0.1% of the chip rate i h
with the mixer. Depicted in Fig. 3(b), this technigue obviate minal/c o Z,1.€., about . %70 OTthe chip rate In eac

Sf the I and aths. Setting the maximum allowable value
the need for interstage buffers. The bottom-plate parasitic of @p 9
Ciis placed atnodeX andY” to suppress the LO feedthrou@]h! 1The standard does not specify the type of pulse shaping for DS-SS, but

which would otherwise desensitize the source follower. raised-cosine filtering is usually used to achieve efficiency.

The first two questions are answered by simulations of
QPSK signal that is modulated with raised-cosine filtered
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Fig. 5. (a) High-pass filter withRo, 2 = g;,ll. (b) Differential high-pass
filter along with baseband amplifier.

Fig. 6. Receiver die photograph.

operating in deep triode region with a well-controlled gate-
source overdrive voltag€ss — Vry. lllustrated in Fig. 5(a),
the idea is based on the observation that, for long-channel

Fig. 4 Eye diagrams. (a) With no high-pass filtering. (b) Wfth equal to :
1% of bit rate. (c) Withfc equal to 0.1% of bit rate. (Horiz. scale normalizedqewces' the transconductance of a saturated MOSEE) (

to bit period, vert. scale in V.) is expressed by the same equatign; = pC,(W/L)(Vgs —
Vrn), as the inverse of the on-resistance of a similar device in
of the coupling capacitor to 10 pF (i.e., a total of 40 pF fofleep triode regionil): R_y = 1Con(W/L)(Vas — Vin).
differential I and @ signals), we arrive at a resistance of 1.@hat is, if a saturated device and a linear device have equal
MS. Even usingz-well material, such a resistor would sufferoverdrive voltages and equal dimensions, the on-resistance of
from enormous capacitance to the substrate, much gredter latter is equal to the inverse transconductance of the former.
than 10 pF! To resolve this issue, we employ MOS devic&ince the transconductance of MOSFET’s can be defined by
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TABLE | S1,£(200 kHz) = Sy, wheresS;,; and Sy, denote the power

MEASURED PERFORMANCE OF RECEIVER AT 2.4 GHz spectral densities df/ f noise and thermal noise, respectively.

Input Frequency 2.4 GHz AssumingS,,; = K/f, where K = (200 kHz) x S, and

Noise Figure 8.3dB integrating the total noise from 10 kHz to 11 MHz, we have

P2 +22dBm 200 kH 11 MH:

In—Channel IP3 -9 dBm — 2K —

1-dB Compression Point  -21 dBm Vi= /10 . ? df + /200 . S df (1)

Out-oi-Channel IP3 -4 dBm “ z

Voltage Gain 34 dB =K In20 + (10.8 MHz) S, (2)

LO Leakage -47 dBm ~(11.4 MHz)S,y,. 3)

Output Offset Voltage 7mV

Power Dissipation 80 mw By contrast, if the circuit contained no flicker noise, the total

noise power would bé’2 = (11 MHz) S;;,, only 0.2 dB
lower. Note that even if flicker noise frequencies as low as

[Hes) | Edae of 100 Hz are taken into account, the maximum degradation in
(dB) Desirej’c,,a,,,,e, SNR is less than 0.6 dB. This is a pessimistic estimate because,
0 prrrmmna o owing to the relatively high gain in the RF section and hence
-3 amplification of thermal noise, th&/f noise corner in the
Center of baseband is expected to be quite lower than 200 kHz.

Adjacent Channel

10 -

Ill. EXPERIMENTAL RESULTS
Center of The receiver has been fabricated in a pri-CMOS tech-
Alternate Channel  nglogy in an area of 68Q:m x 980 um. Fig. 6 shows a
20 photograph of the die. Both inductors used in the cascode
\ LNA are integrated on-chip with no process modifications,
exhibiting a@ of approximately three. The circuit is tested
0.007 11 22 44 (Msz) with a 3-V Supp]y
Table | summarizes the measurement results. The out-of-
Fig. 7. Measured baseband transfer function. (Axes not to scale.) channell P; is measured by applying two tones 22 MHz apart

such that they fall at 22 and 44 MHz after downconversion,

means of various analog techniques, this technique makeant their intermodulation product appears near zero frequency.
possible to achieve a very high on-resistance. Fig. 7 plots the measured transfer function of the baseband

The design of Fig. 5(a) must nonetheless deal with twsection, obtained by (manually) sweeping the RF input. Note
issues. First, the threshold voltage mismatch betwderand that the corner frequency of the baseband dc-notch filter is
M, yields some inaccuracy in the definition &f,,». For approximately equal to 7 kHz, confirming the feasibility of
this reason, an overdrive voltage of 200 mV is chosen ftine circuit topology shown in Fig. 5(b).
the transistors, suppressing the effect of mismatches. Second,
the variation of the on-resistance ff, with the input signal REFERENCES
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