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Abstract—An IF strip for a wireless receiver supports a vari- Analog BPF

able baud rate by changing analog filter bandwidth. Sliding and
step adaptive dynamic range are both used at IF to dissipate only
the necessary power at prevailing channel conditions. A combina-
tion of VGA and PGA is developed for 64-QAM. The total signal
processor draws an average of 16 mA from 3.3 V and a peak of
73 mA. The differential input noise is as low as 3.9nY+/Hz, while
maximum [IP3 is 422 dBm with respect to 100 ohms.

QAM channels

Digital FIRA

Frequency
Index Terms—Author, please supply index terms. E-mail key-

words@ieee.org for info. Fig. 1. Complete channel select filter is a combination of the analog BPF and
a digital FIR filter.

I. INTRODUCTION . . = . )
design of the programmable gain amplifier (PGA), variable gain

HE complexity of wireless systems increases with thempifier (VGA), and filters is discussed in Sections IV and V.
growing power of digital signal processors (DSPS). Agieasurements are given in Section VI.
complexity grows, smaller form-factor and higher integration

become more important, which leads inevitably to a fully
integrated receiver (RX). Two main challenges are on-chip II. SysTEM DESCRIPTION

image-rejection and wide dynamic range. Image rejection iSThe pasic RX architecture has been described in detail else-
addressed in detail elsewhere [1], [2]. This paper focuses @fere [5]. The IF section supports selectable bandwidths (BWs)
the second challenge. of 625 kHz, 2.5 MHz, and 10 MHz. The modulation may be

In a wireless RX, the communication channel conditions CalQAM, 16-QAM, or 64-QAM. A receiver with adaptive BW
vary largely. In most mobile systems, this large dynamic ranggquires a fully integrated bandpass filter (BPF). This system
(DR) must be absorbed by the analog radio; otherwise the A{Res every channel in each cell [6] to increase the total number
and the digital front-end must resolve a very large number gf ysers per cell. With the resulting very small guard-bands, a
bits. Sigma—delta modulators have been used in narrow-bajighrp channel select filter is necessary. Itis impractical to imple-
systems to obtain a very high DR [3]. However, they are n@jent this entirely as an analog circuit. Instead, following coarse
practical in wide-band systems. Therefore, wide@logcir-  analog filtering, a high-order FIR filter implemented in DSP iso-
cuits are key to the realization of low-power wide-band systemgtes one channel (Fig. 1).

This receiver implements adaptive dynamic range in the IFThe 2.4-GHz ISM band does not regulate interferers. Mi-
section. Most wireless systems are designed for the worst cag@ave ovens emitting in the middle of the band are often the
that is, the dynamic range is specified for the desired signglgest interferer for other users. These considerations call for
at a minimum detectable level, accompanied by the largest @ RX design with the largest possible DR. This is addressed at
ticipated interferers. In practice, the receiver only infrequentyg |evels: first, with circuits designed for the highest possible
needs this high instant DR. DR is obtained at the expense o at g given power consumption, and second, by adaptive use
disproportionate rise in power consumption: doubling the powgf circuit blocks.
consumed by a circuit lowers its noise floor by 3 dB with con- The front-end and image-reject downconversion sections of
stant IP3, thus raising its spurious-free dynamic range (SFDJR: RX are described in [5]. Fig. 2 is taken from [7] and shows
by only 2 dB. Animportant idea here, which has also been notgdy|ock diagram of the RX; the IF section is the main focus
elsewhere [4], is that providing no more than the required D& this paper. This section of the receiver follows image re-
at any given time lowers theveragepower consumption. jection, and comprises a prefilter programmable gain amplifier

Section Il describes the system that the IF strip was desig%A), bandpass filter (BPF), a post-filter PGA, and finally a
for and Section Il introduces the idea of adaptive DR. Circu&ontinuously variable gain amplifier (VGA). The BPF is usu-

ally the bottleneck to DR. The prefilter PGA (PGAL1) trades off

Manuscript received March 15, 2001. between the NF and the IIP3 of the IF strip. The BPF attenuates
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Fig. 2. Block diagram of complete WLAN receiver.

404 P31 P31 1IP32
[
g P32
£ | Input
= | Equivalent
‘Noise —
Sdes1
v Total Input ok
Noise Noise =

@ Ideal Circuit Circuit Circuit
Gain Block Block Block

5 (@) (b)
f N Fig. 4. An illustration of how to achieve: (a) slide DR with preamplification
> and (b) step DR by substitution of a scaled circuit block.
Low instant DR receiver dynamic range may be modest. The worst-case is when
®) the desired signal is weak but the interferers strong (Fig. 3(c)).
4 e 4 Now the instant receiver input signal DR is high, which requires
k3 high 11P3 and low NF.
2 For least power consumption, the RX DR should adapt to the

prevailing conditions. Two types of adaptive DR are possible,
slidingandstep[Fig. 4(a)]. In sliding DR, thenstantDR of the
RX is constant but slides to best accommodate the input signal
conditions. Fig. 4(a) shows how, by adding a gain stage in front
High instant DR of a noisy and nonlinear circuit block, input referred noise and
IIP3 drop by the gain of the amplifier. Thiidesdown the entire
© DR and enables detection of a weaker signal accompanied by
Fig.3. Three different scenarios for received signals. (a) Strong desired signatak interferers.
High noise can be tolerated. (b) Weak de;ired _signal and weak_interferers. LO""Suppose that at some point the receiver needs higher DR.
Ilnt_eanty can be _tolerate_d. (c) Weak desired signal and large interferers. L%A(’:alin Il the t ist . . it k B _
noise and high linearity is required. g up all the transistors in a circuit keepivigs — V; con
stant and scaling down all resistors by the same factor lowers
input mean square noise and raises bias current proportional to
the scale factor, while 11IP3 remains unchanged [Fig. 4(b)]. The
In wireless systems, the minimum detectable signal (MDSgaled circuit can pass a weak desired signal accompanied by
and spurious-free dynamic range (SFDR) together quantify ts@ong interferers. Thus, DR may btepped ugby substituting
ability of the receiver to detect a very weak desired signal in thescaled version of a nominal circuit.
presence of strong interferers. A radio signal of interest is re-The circuits comprising this receiver (Fig. 2) use both types
ceived in roughly different conditions. The desired signal mayf adaptive DR. Assume that the DR and linearity of PGA1
be strong enough to overcome large noise and intermodulatigrhigher than that of the BPF, while the filter contributes the
due to nearby interferers [Fig. 3(a)]. In this case, a high receivafgest noise at the input. Then the IF strip input IP3 (for inter-
NF is acceptable. Alternatively, the desired signal and the intégrers in the BPF stopband) can be expressed as
ferers are weak, so the signal-to-interference ratio (S/l) is still
good (Fig. 3(b)), yet low 1IP3 is acceptable. In both cases, thdIP3;r (dBm) = [IP3gpr (dBM) — Gainpga; (dBM). (1)
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When the gain of PGAL is loweredlP3;r is higher. On the filter and post-filter amplifiers are implemented, with different
other handNFr also rises due to the dominant noise of thgoals. The pre-BPF amplifier, PGA1, slides the input DR of the
BPF. Thus, lowering gain in PGA1 slides up the DR. BPF to best fit the instant level of the input signal, as shown in
The on-chip filter is usually the bottleneck to achievable DRig. 4(a). As mentioned before, for a weak desired signal where
in a fully integrated RX. In this design, the BPF adapts powerlow NF is needed, PGAL is set to high gain to overcome the
dissipation to the instantaneous needs, as shown in Fig. 4¢oh NF of the filter. When the input signal is strong, PGAL is
Two filters are implemented with the same topology, but onseet to low gain and high OIP3 to preserve the IP3 of the BPF.
scaled up to consuni®x more power, offerd0x lower mean The post-BPF amplifiers boost the signal to optimally load the
square noise but the same linearity. An algorithm describ&dC input (90% of the 1 V full scale). If the BPF could perfectly
below senses which of the previously described conditionsiglate the desired channel, intermodulation would no longer be
present. In the first two instances [Fig. 3(a) and (b)], a BP&concern in the post-BPF circuits. However, when the analog
dissipating low power is employed for nominal RX DR. HowBPF's selectivity is poor at low BW settings as well as the de-
ever, in the worst-case scenario, the high-power scaled fil@red channel, it passes a few adjacent channels, thus, the need
is switched in raising total DR. Since the worst-case scenafiwr a linear post-filter amplifier.
is infrequent, the low-power filter determines the average RX Amplifier gain may be controlled by varying: 1) transcon-
power consumption. ductancd g, ); 2) load impedance; or 3) feedback factor. Bias
The algorithm to sense the input signal and determine instawirrent sets transconductance. When the input signals are large,
DR is key. Signal power is sensed at four points along the the transconductance gain must be low, and simultaneously the
strip (Fig. 2): input and output of the analog BPF and input andtercept point must rise. However, lowering the bias current
output of the digital channel select filter. These measured sig@dgo lowers the intercept point, which is contrary to what is
levels indicate how much of the received signal is being rejectedanted. Furthermore, as the MOSFET transconductance is at
respectively, by the analog filter and the digital filter. best a square-root function of bias current, the current must
The signal at the output of the digital filter (poif¥, in Fig. 2) change byl00x for 20 dB of change in gain.
isonlythe desired channel, with possibly some possible IM3fromNext consider varying gain with the load resistance. If the
adjacentinterferers. By comparingthe signal level atthe outputiofid is linear, the transconductance amplifier determines both
the analog BPFA,) and at the input of the A/DD; ), the post- noise and linearity. Therefore, as in the case above, the ampli-
filter gainis measured. Then, by comparing the signal level attfier DR does not improve when gain is lowered. However, if
input and the output of the digital filteZ}; andD, ), the relative supply-limited clipping at the output node determines circuit
strengthofthe out-of-channelsignalthatpassesthroughthe analoglinearity, IP3 improves with lower gain.
filter is calculated. The signal level gy and A, is ameasure of  Finally, gain may be changed with variable feedback factor.
the out-of-bandinterferers being rejected by the analog BPF. IftAenoiseless feedback block does not affect the equivalent input
desiredsignal at the output of the analog BPF is strong, as meawise of the amplifier but improves linearity by the loop gain.
sured byPowerpo—Gainposi-analog-itter, th€ scenarioisas shownTherefore, feedback trades off the gain for DR. In this respect,
inFig.3(a). IfthetotalsignalpoweriscomparabldaandA,,and feedback is superior to the methods described above and is used
atDrandD,, the conditionislike Fig. 3(a) or (b). Inboth cases, thbere. In practice, the feedback components add noise of their
requiredinstantDRis low. Ifthe signallevels are significantly difewn that shrinks the improvement in the DR.
ferent at either of the above pairs of noddsé&nd A, andD; and A programmable gain amplifier implementing a set of dis-
D,)andthereis aweaksignal@t, the condition mustbe the onecrete gains may be realized by an array of switch-selectable
shown in Fig. 3(c). amplifiers, each optimized for the best DR at fixed gain. By
An abrupt switch from the low-power to the high-power filteccontrast, in a VGA, the gain changes continuously and cannot
causes the BER to increase momentarily. However, as dagoptimum over the whole range. For this reason, at a given
transmitted in frames is preceded by a preamble and trainipgwer consumption and gain range, the DR of a PGA is higher
sequence, the desired filter is switched during the preamfitf@n that for a VGA. Therefore, the PGA should be used in a
and settles during that time, eliminating increase in bit erroeceiver whenever possible.
rate (BER) during the data sector. If the interference increases he constellation points are very close together in complex
abruptly during the data sector to the point that the BER exceegdedulation schemes like 64-QAM. A sudden variation in gain
the limit, that data frame is dropped. This frequency-hoppiraan easily be mistaken for a change in signal level, and this in-
transceiver uses many adaptive algorithms at each hop, whickases the BER. To avoid this, gain must be stepped in small
necessitate a lengthy preamble of typically 300 symbols outiotrements. Fig. 5 shows 64-QAM SNR with PGA gain step [6].
a frame that is 5000 symbols long. Therefore, the turn-arouid ensure an SNR of above 40 dB, the gain must be accurate to
time of a few symbol periods can be tolerated. The actu@l027 dB. With an 80-dB gain range, this requires 11-bit reso-
number of symbols required for the system to settle deperidiion of PGA gain, which is clearly impractical. On the other
on the channel conditions. extreme, a simple VGA designed to cover 85 dB of gain range
dissipates excessive power. The solution is to combine the two.
The best combination is found by exploiting certain features
of the system. At the beginning of each hop, the frame starts
As the received QAM waveform modulates carrier amplitudgjith a training sequence during which algorithms, such as for
it requires linear amplification in the receiver. Two sets of presarrier recovery, beam forming, clock recovery, and automatic

IV. PROGRAMMABLE AND VARIABLE GAIN AMPLIFIERS
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gain control (AGC) [6], converge. A jump in gain in this training 60
period does not degrade the BER. Furthermore, the channel does 551 ]
not vary much over the data sector of each frame. Thus, a PGA
with a high DR can coarsely setthe gainin thistime, and during & S0f
the data sector, VGASs can track the channel variations. Z 45| i
The required VGA range is determined using a channel %40
model. The largest data frame is 5000 symbols, which lastsat 5 " |
most 8 ms at 625 kS/s. Assuming a maximum speed of 2 m/s § 35|
for the indoor mobile transceiver, an indoor channel model [11]
defines the VGA variation to be limited withir14 dB and 30
+6 dB for 98% of the time. This needs 20 dB of gain variation 25{
in the VGA. The gain range is asymmetric because the system 20 “
is more prone to ADC overload; thus, the attenuation range 0:001 0.01 0.1 1
exceeds amplification. Gain Step (dB)
A. PGA Circuit Design Fig.5._ Detected SNR of 64-QAM bitstream as a function of a gain jump during
reception.
The PGAs used in this work all consist of a degenerated dif-
ferential pair with resistive load. Degeneration improves the lin- Load
earity of the amplifier and the resistor load alleviates the non- out- outs
linearity due to the MOSFET output impedance. The ratio be- — —a
tween the nonlinear MOSFET output impedance and the linear ._| |_.
load resistor affects overall amplifier linearity, and here limits in+ in-
the maximum gain of each stage to about 15 dB. RS RS

As shown in Fig. 6, the local feedback loop gain is changed
by switching the degeneration resistor. Although long channel
devices do not suffer from excessive noise and their outpt. 6. Switched degeneration with a single tail current source. Voltage
impedance is large, their large&, strongly loads the precedingheadroom limits loop gain.
stage and limits the BW. For this reason, all MOSFETs are

minimum channel length. the switches are in the opposite positions. The high-power
Control switches change the effective degeneration and tHow-noise fine-step PGA (HPW step) resembles the circuit
the effectiveGG,, of the stage of Fig. 8, except it is scaled by factor of 9. The gain of the

coarse-step PGA (HPWfix) is 15 dB, and this defines the high

Gm =1 +g;nRs =1r g‘;‘ms =1x 'gI;VRS ) gain portion of the fine-step PGA. For 0-dB gain, the amplifier
Vas—Va Vas—V bias current is shut off and its inputs are shorted to its outputs.
where the term2Vg, /(Vas — Vi) is the loop gain. With a given The total gain and the bias current of the PGA are set as fol-
MOSFET size and bias current (i.e., the sageand Vs — lows. To overcome the input noise of the low-power BPF, the
V;), the headroom available fdfg. limits the loop gain and coarse PGA and two fine-step PGAs amplify the input by up to
therefore the gain range. 30 dB (Fig. 9). The bias current of the PGA blocks is set by two

Gain is also changed with load impedance, but witho@@rameters: the required input noise and the filter input capaci-
tradeoff in linearity. Now headroom limits the maximum gaintance, which is, respectively, 0.4 and 4 pF for the low-power and
In order to increase the gain, part of the dc current is supplied ¢ high-power versions. The pole frequency associated with the
the current sources to reduce the voltage dropfiFig. 7(a)]. load resistor of the PGA driving the LPF input lies beyond 40
This method has some advantages over supplying all the dcM¥iz.
current sources and inserting floating resistors reported beforel he post-filter PGA (PGA2) implements 60-dB gain varia-
[12] [Fig. 7(b)]. With the current source MOSFETSs biased at#on in 3-dB steps, divided among three stages of low-power
certain Vpg, their output noise currer{i?) is proportional to coarse PGAs and one low-power fine PGA. The HPF function
their dc current. Using{L to Supp|y the main part of the dciS combined with the PGA function, as will be explained in Sec-
current reduces the total noise from the load current souré@n V. Switches sized large enough to drop negligible voltage
Furthermore, a lower bias current results in larger outpwthen in the ON state also contribute negligible noise and non-
impedance for the current sources and improves the outfjogarity.
linearity. Common-mode feedback (CMFB) is applied to the The gain and noise are related as follows:
gates of the current source FETSs. I

Fig. 8 shows the low-power fine-step PGA (LPWstep in Gain < Gy, Vv, 3)

Fig. 9) designed to drive the 0.4-pF input capacitance of G

the BPF. The gain of this stage varies from 3 to 15 dB iwhereG,, is the degenerated transconductance. Equation (3) as-
3-dB steps. For 3-dB gain, all the degeneration switches aemes that the noise of the input MOSFETSs is dominant, which

open (maximum degeneration) and all the load switches aseusually the case in a highly linear low-voltage design. Thus,

closed (minimum load resistance), whereas for 15-dB gajyain (in dB) decreases twice as fastwgsincreases (in dB).
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Vdd Vdd At a constant output swing, feedback lowers amplifier non-
Gain Control linearity by the loop gair¥’ [14] as
Gm :gm(OL)
Vdd 1 —I—(T )
1 IM3(constant output levi I:m
> ( putlevel=— 7
OIP3(input limited) =OIP3(OL) - V14T
v CMFB v | OIP3
[IP3(input limited) =——
out- @ % t ® out (inp ? Gain }
—_———- 4 b= === —= =IP3 - (1 + ) (4)
N —a whereOL is the open-loop case without feedback. Equation (4)
in+ in- is valid if the input dominates nonlinearity. However, nonlin-

earity in FET output impedance is not enclosed by the loop. If
this is dominant, the resulting OIP3 will be constant. Now we
have

OIP3 =OIP3(OL)

o 1P P L
IIP3(output limited :g%ij =9 G?;ES )(1 +T). (5)

In practice, at large gains, nonlinearity in the output impedance
dominates and produces a constant OIP3. This can be improved
with the cascade topology [5].

. B Transconductance — B. VGA Circuit Design
in+ in- :
(b) To continuously vary the gain of the amplifier, a MOSFET in
the triode region can be used as voltage-controlled resistor both

@{ degeneration and as the load. However, a MOSFET resistor

Fig. 7. Biaising alternatives with resistor loads. (a) RL connected to supply.
small part of currentis supplied by the current sources. (b) Floating load resis

All bias current is supplied by the current sources. is nonlinear, especially at lowgs — Vi, when a small-signal
swing can force it into saturation. Linearity may be improved at
Vdd vdd the expense of range by padding it with linear resistors either in
Ca series or in parallel (Fig. 10).
4%k f~1----- 1oo--- With parallel padding [Fig. 10(b)], the linear resistor domi-
c3 nates when the MO&,y is at its maximum, which corresponds
1.95k N to low gain, large input signal, and therefore maximum nonlin-
' earity. Thus, parallel padding is better than series. The correct
Vdd choice of W/L balances linearity with the net variation in re-
3.5k ! sistance. To achieve a wide range, padded stages are used as
> » shown in the differential configuration of Fig. 11. The resulting
out: On ?MFB§ ~® out+ structure has been termed soft switching [15]. In each stage, the
-------- ke worst-case linearity appears when the MOSFET is turned OFF.
C\2 The resistors should be turned OFF one by one. In a previous
45/0.6 % circuit [15], a supply voltage of 5 V was dropped across the
in+ [, | in- various nodes and one control ramp voltage applied to all the

0 400 700 gates turned off the FETs successively. In a low-voltage design,
however, the voltage drop is low and the MOSFETs will tend to
turn off together. Here a resistor ladder generates six staggered

Fig. 8. Fine-step PGA, low-power version. voltages from a single control signal (Ext_cont). By properly

selecting the resistor values, the decibel gain can be made linear

Short-channel MOSFETS are noisier than long —channel ongigh Ext_cont (V).

[13]. The higher the&Z,,, (weaker degeneration), the higher the In addition to its use for degeneration, the soft-switched

noise contributed by the MOSFETS, which leads to a weakedriable resistor (SSVR) may also be used for the load. Now

decrease in,. On the other hand, as the load resistance is ilEP3vga = [P3ssvr — Gainyga (dB). SinceGainygy IS
creased, the current sources in parallel with the load must ligher than 0 dB, this limits thHP3y ¢ 4. If used as degener-
larger to maintain constant headroom. As a result, their noiggon, the input signal is divided between the input transistors
contribution and thus,, increase. and the SSVR. Furthermore, at high gain settings, the input
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18,21,24,27,30 dB
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PolyPhase
Output

3,6,9,12,15 dB
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Power
Filter

18,21,24,27,30 dB

HPWfix LPWstep

N,

Na,

N
0dB

Fig. 9. Combination of PGA stages realizing PGAL.

1 The prototype circuit is scaled until the required input re-
RPad ferred noise is obtained. The final VGA stage [Fig. 11(a)] pro-
MRES vides a gain range from1 to 8 dB. Three such stages in cascade
= RPad = RPa RPad  ive a gain variable from 0 to 20 dB with margin.
MRES MRES
@ (b) (©

V. BANDPASSFILTER

Fig. 10. lllustrating degeneration by: (a) serial resistor padding, (b) parallel

padding and (c) parallel differential padding. The analog BPF partly selects the desired channel to lower

the required DR for the A/D. Fig. 12 shows the SNR at the input
of the demodulator for a 64-QAM constellation, with 90% A/D
swing is lower than the output swing. Thus, on consideratiofsading [6], for a single channel. A resolution of at least 8 bit is
of linearity, SSVR is better suited to degeneration. required. If the out-of-band channel power passing through the
This differential circuit does not use constant current biag/p (I) is comparable to or larger than the desired sigal
Simulations show that removing the tail current source improv@gen the A/D must resolve the following number of additional
linearity by up to 10 dB. The MOSFET resistor can be useslts to accommodate the interferers, which is roughly:
floating or grounded. Although the floating SSVR has 0 dc
voltage drop and higher linearity, with grounded SSVR, the dc
path changes, and so does the dc current. For low-voltage appli- _ Int (é + 3)
cations, the change of bias due to the grounded MOSFET resis- - 6dB.

tors is desirable. In this design, a combination of both has beEn owerful digital channel equalizer used in the DSP, shown

used. In Fig. 11, as contl rises to increase the gain, the voltarg% )
- X i Fig. 2, compensates for the BPF passband ripple and group
of node 1 decreases, providing higher voltage drop on the Otr(]j%rlay [6]. This relaxes the specification of the analog filter. A

resistors. —C realization is used for its good high-frequency perfor-
The variable transconductance section of the VGA Witr%\x;ance 9 9 q yp

SSVR degeneration is designed as follows. First, a bias voltageA high-order LPF is cascaded with a low-order HPF for

is chosen at the inputifr and Viy) as dictated by the T symmetric transition regions [7], which gives the minimum

ceding stage, or for highest linearity. Then the length of t wer consumption. To vary the BW of the resulting BPF,

input FETs is selected either from considerations of exce%]se lower cutoff is fixed at 5 MHz and only the higher cutoff

noise in short channel FETs, or from the maximum tolerable - . ;
capacitance at the input. Next, thias — V; is selected for the requency is tuned to define the filter passband. The HPF offers

. . . . . - - rogrammable gain of 0 to 45 dB. The details of the BPF design
desired linearity by setting the fixed degeneration resistor. Fg)rre presented elsewhere [7].

a degeneration _stage with constant_ input bias vol_tage,_ highe ig. 13 shows the post-filter amplifiers. The first three blocks
Vas — V; results in weaker degeneration and lower linearity, but

) . . ' ~gre a PGA-HPF, which give a coarse-gain variation of 0 to 45
higher Giuu /Iiias. The degeneration element consists of fixe B in steps of 15 dB. Next, a fine-step PGA increments gain in
linear resistors, in series with a floating differential MOSFE P ' ! P 9

resistor. The FET W/L is chosen to be the largest that giveéoIB steps up to 15 dB. Finally, three VGA stages in cascade

the requi . - e Rrovide 27 dB of continuous gain variation prior to the A/D.
quired linearity. The worst-case scenario is when the

MOSFET is close to the OFF. The top half resistor (the linear

resistor between the MOSFET resistor and input FETS) is

divided into two parts and another MOSFET resistor is inserted

at the new middle node. This procedure is repeated until theThe IF strip was implemented in a O.dn CMOS process and

required variation range is obtained. operates at a 3.3-V supply. First, the PGA blocks (Fig. 9) are

VI. STANDALONE IF STRIP IMPLEMENTATION AND
MEASUREMENT RESULTS
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contb

in-

Control
Signal
Generator

Ext_cont

I >
0 165 3.3 Ext cont
) /

(b)

Fig. 11. (a) VGA circuit using soft-switched degeneration. (b) Resistor ladder and control voltages.

55

Fig. 15 plots the gain of one VGA stage biased at 0.6 mA
versus the input control voltage. The gain (in dB) is fairly linear
with Vieon: (V), with a peak deviation of 0.4 dB. The input noise
and OIP3 of the VGA is shown in Fig. 16. The noise is very
close to simulations, however, the OIP3 is about 4 dB lower
than expected mainly due to the shortcomings of the BSIM2
models used. Table | compares the result of this design with re-
cent published works. The characteristics of this work are scaled
to match the gain and the power consumption of each reference
circuit by cascading the required number of stages and scaling
the resulting circuit for power. Except for the model in [16], the
20 : ; : ; ; ‘ ; designed VGA and PGA surpass the others in DR. The circuit
4 5 6 7 8 9 10 11 12 in [16] has lower noise due to high, bipolar transistors, but it

A/D Resolution (bits) requires a high supply voltage.

Fig. 12. Detected SNR of a 64-QAM signal versus A/D resolution, assuming The low-power and high-power LPFs drain 6 mA and 60 mA
signal loads A/D 90% at the peak. from the supply, witt50 nV/v/Hz and17 nV/+/Hz differential

input noise, respectively. Since switched capacitors control filter
experimentally characterized. Fig. 14 shows the OIP3 and thandwidth, they,, variation is not very large. The input noise
differential input referred noise of the PGAL. The low-powedensity is therefore almost independent of the BW. The in-band
fine-step PGA (LPWstep) is the same one as in Fig. 8. Sinaad stopband IIP3 of both LPFs are 18 and 22.5 dBm (referred to
the measured OIP3 versus gain is almost constant, it may 1892 differential) respectively. They are measured for a BW of
concluded that output impedance nonlinearity dominates. Th@ MHz, with two tones of 10 and 11 MHz for in-band 1IP3. For
input noise decreases due to the growing transconductancetapband IIP3, two sets of tones were used, 30/50 MHz and 40/70
the gain rises from 3 to 9 dB. For 12- and 15-dB gain settingslHz. Each stage of the PGA-HPF consumes 1.8 mA, with 40
load resistance is stepped up, as is the current through the ougmd7.9 nV/v/Hz noise for 0- and 15-dB gain respectively. The
current sources (Fig. 8). Now current source noise raises &3 of the PGA-HPF for in-band and out-of-band interferers
total input-referred noise of the stage. is 28 and 24 dBm (referred to 1d0), respectively.
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(a) Noise and (b) output IP3 of one VGA stage versus gain.

of the transconductance stages causes common-mode to differ-
ential conversion. Now noise on the substrate and supply can
appear differentially at the filter output. With post-filter gain
as high as 83 dB, stability of the IF strip is an important con-
cern. Very careful common-centroid layout of all blocks limits
signal injection to the substrate, differential signal pickup from
the substrate, and the conversion of common-mode signals to
differential. Total post-filter gain was varied from 0 to 83 dB
[Fig. 17(a)] on the packaged test chip with no instability. A
small constant input is applied during this measurement on a
network analyzer, and the filter stopband lies below the noise
floor. Fig. 17(b) (from [7]) shows the variable BW in the IF strip.
The passband ripple in the worst case of 10 MHz BW is less than
3 dB. For lower BW settings, the passband ripple is less than 1
dB.

Two sets of measurements are devised to show adaptivity
in dynamic range and power consumption. First the output
SNR,.ix at 1.6 Vptp differential output is set to 14 dB for a
625-kHz-wide channel. As the BPF significantly attenuates
interferers lying in its stopband, linearity of the post-filter
blocks is not important. At minimum detectable input signal
[Fig. 18(a)], the input NF should be as low as possible. With
weak interferers, prefilter gain is set to maximum (30 dB) to
overcome filter noise. Strong interferers will generate in-band
IM3 products. The interferers are made stronger, the IM3 com-
ponents rise, and, when the interferer tones aretdtdBm, the
distortion products are equal to the input equivalent noise. Since
the filter limits overall 1IP3, the gain of the prefilter amplifier

Since the transconductance stages used in the filters do isdbwered to improve linearity. However, this increases the NF
have any common-mode rejection, mismatch between two sidgghe input and will degrade SNR of the desired signal, but
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TABLE |
COMPARISON OF THEDESIGNEDPGA AND VGA WITH OTHER PUBLISHED WORKS
MHz Noise Linearity (dBm Rel
mA | (Ours (nV/rt-Hz) wrt 100 ohm) | SFDR
50) (dB)

Theirs | Ours | Theirs | Ours
VGA 0.6 ym 10 20 12.7 7 20 22 +4.8

[11] | CMOS
VGA 12 GHz 8 35 1.6 47 30 26 -8
[16] BJT

V) 24 25.5 -5
VGA 0.6 ym 12 200 1.9 51 -3 24 +12
[17] | BiCMOS
VGA 0.6 ym 10 10 25.8 4.2 28 26 +9
[18] | CMOS
PGA 0.6 pm 2 7 54 9.7 -3 14 +8
[19] | CMOS
REF LEVEL /o1y AEF LEVEL /DIV MARKER 8 875 000.000HZ
I |
'y /5% | —
L ?
/ \ FARVEANE
83dB // \\ Y !L \Y\R \
77 N\ W e | i
JI/ g A" N
N/ 7 ANA ] K
\ / Nk i T
Ji 9 BRI

i i i
START 0.000Hz &§TOP 20 000 G00.000Hz START 0,000Hz STOP SO 000 000.000HZ
AMPTD -49.0dBm AMPTD -45.0dBm

(@ (b)
Fig. 17. IF strip frequency response: (a) when changing post-filter gain by 85 dB and (b) at the three BW settings.

the high-power, low-noise LPF is now activated to improve thguantization noise relative to the total peak signal at the input of
instant DR of the IF strip by about 6.5 dB. the A/D is constant, this degrades the SNR for the smaller de-
When the desired input signal is larger, the DR must sliddred signal. In general, the signal-to-quantization-noise ratio is
to the best level. Fig. 18(b) shows sliding DR for progressively
larger input signals, when higher NF due to lower prefilter gain A .
can be tolerated. For example, if the desired signal rises from SNR (BOUtpUt> =6.02IV + 1.8 = Rel Crest Factor
—92 to —88 dBm, the NF can rise from 9.5 to 13.5 dB while — Margin+ OSF (6)
maintaining the same detector SNR. Thus, for the low-power
LPF, the prefilter gain can drop from 30 to 21 dB, which inwhere relative crest factor is with respect to a single tone. The
creases the IF strip 1IP3 from —8.6 to 0.4 dBm. For the highwo first terms represent Full SCA¥Quantization [20]. The
power LPF, gain can drop from 21 to 9 dB which raises the Ifnaximum possible signal corresponds to a dc input at full
strip 1IP3 from 0.4 to 12.4 dBm. scale. However, SNR is calculated with the rms signal, which
When the desired signal is higher thaff0 dBm, a satisfac- is always less then the peak for non-dc waveforms. The Crest
tory SNR is obtained even with 0-dB prefilter gain. Now IIPFactor, defined as the ratio between the peak value and the rms
is the highest possible (22.5 dBm). Using the low-power LPBf a waveform, takes this into account. To avoid A/D overload,
the receiver SFDR is higher than 70.5 dB. Two-tone interferettse peak signal is usually set less than the A/D full scale,
as large as-70 dBm + 70.5 dB = +0.5 dBm may be toler- which is the Margin. The guantization noise has a flat spectral
ated at the input to the IF strip. There is no need to switch in thiensity from DC tof,/2. Increasing the sampling rate beyond
high-power LPF. the Nyquist rate by the oversampling factor (OSF) lowers the
Next, consider a desired channel of 625 kHz BW at the inpin-band quantization noise.
to the IF strip, accompanied by strong nearby adjacent channeln the scenario being examined, two-tone interferers pass
interferers which are only mildly attenuated in the analog filtethrough the filter with little attenuation and are amplified by
If the interferers are stronger than the desired signal, after athe AGC to 90% of the full scale of the 8-bit A/D. To avoid
plification they will occupy the A/D input full scale. Since thealiasing of the bandpass signal, the sampling frequency must
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Fig. 18. Adapting dynamic range to levels of interferer and desired signal. (a) Desired signal at the minimum level. (b) At three levels of the desired signal.
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Fig. 19. (a) RX measurement setup. (b) Measured 64-QAM constellation at the baseband.

be4 x (5 MHz + 625 kHz/2) = 21.25 MHz. For two equal Thus,
. . . . A
sinusoids at different frequencies, we have SNR 5Output) —6x 8+ 1.8 — 3 — 2010g(0.9)

Peak of Two Tone 3 dB 21.25
—_ _ 2
RMS of Two Tone + 10log (0.625)

=3 dB. =58.2 dB.
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Reference Channel TABLE I

E J,- __L COMPLETE RX PERFORMANCE
T 40 .
3 -+ NF 8.5 dB, min
g -60 - Fimage
J | Jma IP3 -9.4 dBm to -2.7 dBm
D 5 ";
3 -80 ~ Channel BW 625 kHz, 2.5 MHz, and 10 MHz
@ 100 : Max throughput 50 Mbps (with 64-QAM)

Blocker Frequency (GHz) Inband ripple 0.5dB,25dB

(a) Stopband rejection 53 dB, 65dB

T Image Rejection >75dB for RF mixer
) [ 60 dB for IF mixer

2 Max RX voltage gain 115dB

3 -60

@ | 64-QAM_| Bias Current 50 mA, Average

S .80 |- 5 MBaud, 100 mA, Peak

]

é 100 \/ Supply Voltage 33v

= 240 242 244 246 248 Process/Area | 1p3M, 0.6 um CMOS / 20 mm?

Closer of two tones (GHz)

(b)
filter substantially attenuates adjacent and farther channels, the

é ;s 16-QAM '”ml worst-case IM3 stays well in the quantization noise floor, and
= _ | 5MBaud -°+ ] thus the linearity of the post-filter blocks does not limit the sen-
3 -24f17dB STR”‘: ol sitivity of the IF strip.
8 -28
n‘_g’ .32 'Z";‘;"éi,? ] VIl. COMPLETE RX MEASUREMENT RESULTS
-36 I Fig. 19(a) shows the measurement setup for the whole RX.
RF Sensitivity (dBm) Separately developed QAM modulator and demodulator chips
(© were used for end-to-end data transmission. Fig. 19(b) shows the
€ o received constellation at the baseband for 64-QAM, 5-Mbaud
S -28 ;* AT 2T signal at a BER ofi0~¢. In this case, with-71.5 dBM input
£ gg A g power the total NF of the RX is deduced to be 8.5 dB.
S ‘l. 3 Interferer measurement results are shown in Fig. 20. The in-
5 -4 _/- - = terferer levels shown desensitize the receiver by 3 dB in the
g -36 A= 2:£°2‘258%H 7] g desired channel. Fig. 20(a) plots the blocker tolerance level. It
Pl e ) [’ J' | z|_-9.4 shows that the on-chip filter largely suppresses the blocker. The
= '4932| 78 74 -10 -66, -62 blocker tolerance atimage frequency is only 2 dB worse than the
| RF Sensitivity (dBm) other side of the BPF, proving the effectiveness of the on-chip

85 RX NF (dB) 26.1 image rejection. Fig. 20(b) shows the two-tone test results and
(d) the frequency axis corresponds to the closer tone. Fig. 20(c) and
Fig. 20. Complete receiver measurements. (a) Single-tone blockerstrengtgda)[ show the effect of _the S“d_mg DR _In the RX. Dots _are the
various frequencies which desensitizes receiver by 3 dB. (b) Two-tone strengi¢asurements for various gain combinations of RF mixer, first
which desensitizes receiver by 3 dB because the intermodulation product lieg Pramplifier [5], and prefilter PGA. By decreasing the gainin the
the reference channel. (c) Sensitivity versus blocker strength as the IF secii : : : : : :
adapts. (d) Sensitivity versus IIP3 as the IF section adapts to two in-band tonig%.}h’ the blocking immunity and_“neam_y of the RX Increase_s’
and so does the NF. When the input signal is strong, the high
. . NF can be tolerated. For instance, if the input desired signal is
If the Ias_t VGA, whose OIP3 is 27 dBm, amphfles_each t_onfo dB higher than the sensitivity level, the blocking tolerance
to the maximum level of-1.5 dBM, the output node will domi- .
nate the nonlinearity. Thus, IM3 with respect to the peak owImproves by 10 dB and the 1IP3 improves by about 5 dB. The
Y- ' P P POWEB3 of the RX ranges from-9.4 dBM to —2.7 dBM and the

IS —2 (27. - (._1"))) = 57 dB. In this extreme case, the .pporb*pcker may be as large as20 dBM. Table Il summarizes all
close-in rejection of the analog BW degrades the sensitivity fle RX performance

the IF strip by only58.2 — 57 = 1.2 dB. Assuming 4-QAM
modulation withSNR,,;;, = 13.5 dB, the DSP is able to de-
modulate a desired signal lyiri§ — 13.5 = 43.5 dB below the VIl ConcLUSION

interferer level. An IF strip is implemented in a 0.6m CMOS for a wireless

When the channel bandwidth is 2.5 MHz and 10 MHz, thRX. The active filter in the IF strip supports various baud rates.
SNR at the output of the A/D drops to 55.9 and 51.9 dB, respethe dynamic range adapts to the prevailing channel condition
tively, due to the lower oversampling ratio. In these cases, thg selecting one of the two versions of the BPF, low-power or
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low-noise. A BPF realized by an LPF in series with HPF lowerg[19] F. Piazza, P. Orsatti, Q. Huang, and H. Miyakawa, “A 2 mA/3 V 71 MHz
power consumption. A combined VGA and PGA provided the IF amplifier in 0.4um CMOS programmable over 80 dB range,THEE

optimum solution for a packet 64-QAM modulation. Adaptation ;néésog‘;'s;gﬁg ircuits Conf., ISSCC%an Francisco, CA, Feb. 6-8,

using a sensing algorithm that switches either gains or circuipo] M. J. DemlerHigh-Speed Analog-to-Digital ConversionSan Diego,
blocks is shown to significantly improve the RX dynamic range ~ CA: Academic, 1991.

without increasing average power consumption. A complete re-

ceiver consisting of the IF strip integrated with the RF front-end

has been evaluated using end-to-end BER measurements
64-QAM. Cascade NF of the receiver is 8.5 dB at maximu
sensitivity, and cascade IP34s2.7 dBm with respect to 5@
at maximum linearity.
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