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Abstract—A single-chip transceiver for frequency-hopped code of the carrier, as long as the user spreads the signal by at least a
division multiple access (CDMA) in the 900 MHz industrial, certain amount. For instance, in the case of frequency hopping,
scientific and medical (ISM) band is implemented in 1xm CMOS.  yha yser must cover 50 distinct frequency slots before the
It combines a dlgltal frequency_ synthesizer, a double ql_Jadrat_ure h . ts. Th . i itted
upconverter, an integrated oscillator, and a power amplifier with OPP'_”Q sequence repeats. € maximum rz_insml ed power
variable output. Data modulates a carrier hopping at 20 kHz with IS limited to 1 W, and the out-of-ISM band emission must be
quaternary frequency-shift keying (4-FSK). At an output power 50 dB lower than the in-band transmitted power. There is free
level of +3 dBm, the harmonics and spurious tones lie a+-52 dBc  choice of modulation scheme.
or below. When active, the transmitter drains 100 mA from 3 V. The ISM band gives great flexibility in the design of

wireless equipment. From the researcher’'s perspective, it is
l. INTRODUCTION now possible to explore the multidimensional design space
HERE is much interest today in the single-chip wirecomprising modulation scheme, spreading method, transceiver
less transceiver which consumes a small amount ®fchitecture, and circuit building blocks, with the goal of
power, needs no off-chip components, supports voice afi@ding the most compact transceiver, or one that consumes the
data traffic over short ranges by transmitting a modest powétast power at a given performance. This approach underlies
implements power control, and is resilient to interferers. Féfe transceiver development described here. The goal is to
many semiconductor companies this transceiver is particulafigvelop a wireless device operating in microcells at a data rate
important if it is fabricated in the CMOS technology they?f Up to 160 kb/s, implemented entirely in the MOSISutr
use for their other IC products. This companion set of tweMOS technology available at the inception of this project.
papers reports on the design and performance of the firstfthe next section summarizes the transceiver operation and
such integrated CMOS transceiver, developed for spreg@me of the important architectural choices. Following that,
spectrum code division multiple access (CDMA) operation ithe transistor-level circuit design of the key building blocks
the 902-928 MHz industrial, scientific, and medical (ISM) the transmitter portion is described, and then the section
frequency band. on experimental results presents and discusses the collective

Over the years, radio communication across any significa#ftrformance of the entire transmitter portion of the transceiver.
distance was strictly regulated by issue of a license to transrhfte companion paper covers the receiver architecture and
on precisely defined frequencies, with upper limits prescrib&joader issues of single-chip integration.
on the bandwidth of the transmitted signal and on its power
level. With the advent of cellular and cordless telephones,
the need for broad interoperability specifies, in addition, a
modulation format and channel-access protocols. The Federalhe transceiver (Fig. 1) implements a customized
Communications Commission (FCC) has also opened up thfe&gguency-hopped spread-spectru(fH-SS) radio system
frequency bands for unlicensed use in ISM applications. Il Any spread-spectrum communication provides an
stead of assigning fixed frequencies to certain users by licengéerent immunity to multipath fading, but with frequency
multiple users gain access to these bands by spreading fRepIng the front-end signal processing takes place at the
transmitted spectrum according to uncorrelated pseuodondié®ping rate, which is much lower than tobip raterequired
(PN) codes [1]. The FCC rules (Part 15.249) permit spreadiffydirect-sequence SS [1] to spread the spectrum over a wide

either by direct-sequence modulation or by frequency hoppiRgndwidth. Thus, if a compact agile frequency synthesizer is

. . . _available, a frequency-hopped transceiver potentially offers
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Fig. 1. Transceiver block diagram. i(::|rect-conver5|0n receiver and the large narrowband signals that surround

Q

efficiently at low levels of error probability [3], [4]. It mapsgy the basestation over this dynamic range is necessary to

a pair of binary dgta bits to one of fqur equally space chieve the potential user capacity of an FH-CDMA system
offsets of the carrier frequencyy.), that is f. + Af and 6].

fe£3Af, or as heref. £ 2Af. 4-FSK symbols are at half An off-chip passive dielectric resonator filter between the

the pase data rate. A noncoherent receiver detects datapy and antenna suppresses out-of-band signals at the trans-
sensing the outputs of four bandpass filters centered at figier output. These out-of-band signals may be generated
offset frequencies. This is much simpler than a receiver fQfiin the transmitter, for instance the images around the
direct-sequence SS communication systems, whose operafipRy frequency of the discrete-time waveforms. Internally, the
at least requires phase recovery, and whose front-end clogi§ecric filter comprises three coupled resonators tailored to a
at some high chip rate. On the other hand, a dlrect—converS|B%ssband spanning 902-928 MHz, a 50-MHz-wide transition
or zero-IF, architecture is well suited to receive FSK [5] angand, and an eventual stopband loss of 40 dB (see Fig. 32
is recognized as the best candidate for monolithic integratiqg, the filter response over a limited frequency range). The
The transceiver's block diagram is first described at trﬁassband insertion loss is about 1.5 dB.
top level. Subsequent sections cover each block in greate(gers of a CDMA wireless systems all transmit and receive
detail. Finally, the overall performance of the transmitter iy the same frequency band and distinguish themselves by a
the integrated transceiver is reported. unique spreading code. The receiver is tuned to the 902—-928
Fig. 1 shows a basebaniitect-digital frequency synthesizerpiHz band and the same dielectric filter used reciprocally acts
(DDFS) used as an agile frequency synthesizer and dai@the RF preselect filter. The received FH-FSK is concur-
modulator. The DDFS creates digital samples of a basebagftly despread and downconvertéal zero-IF in the receiver
sinusoidal waveform by addressing a sine ROM at a frequengynt end. The DDFS-based agile frequency synthesizer, after
set by a 24-b control word. Two 10-b D/A converters (DAC’s)pconversion but without modulation, is used as the local
map the 10-b words at the DDFS outputs into discrete analggcillator (LO) in the downconversion mixers (Fig. 1). A
samples. The quadrature outputs synthesize a complex FH{a8eband circuit [7] synchronizes the LO to the spreading
(in the sense of magnitude and phase) at basebarftked- code, that is, the hopping pattern, of the user of interest,
frequency oscillatoupconverts these outputs to the ISM bangly always downconverting that user’s carrier frequency to
in a single-sideband mixer. With the oscillator frequency &c and downconvertingll other users of the ISM band as
the center of the ISM band, 915 MHz, either the upper avell, but to frequencies positioned away from dc (Fig. 2).
the lower sideband may be selected. The DDFS/DAC outpmihe receiver discriminates positive FSK offsets{f and
frequency then need only span 0 to 13 MHz to cover the ISM2A f) from negative offsets{A f and—2A f) in quadrature
range of 915+ 13 MHz. The circuits are designed flexiblydownconversion paths [5]. Aow-pass channel-select filtém
so that if for practical reasons the oscillator frequency mushch path passes only the selected user’s received signal and
be lowered, the DDFS/DAC output frequency may be raiseippresses neighboring users.
by 2x to maintain the transmitted frequencies within the ISM As in most FM receivers, a simplaniting amplifier boosts
band. the received signal to binary levels whose zero crossings
After upconversion, a power amplifier (PA) drives theontain the modulation. No linear automatic gain control
antenna with the modulated hopped carrier. The maximum RAGC) is necessary. A digital detector correlates the limited
output is 20 mW into 5@ (+13 dBm), sufficient for operation signals in the quadrature channels with the four expected
in microcells with 100 m diameter, or for communication ovefrequency offsets, makes a decision based on the strongest
1 km over an unobstructed line-of-sight link. A key feature isorrelation over each symbol, and maps the result to a pair
that a 5-b digital word controls the output power over a 30 d&f data bits [7], [8]. The correlation detector also creates
range, to a minimum value of 2@W. Accurate power control early—late data words for a digital phase-locked loop (PLL)
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to align the LO hopping pattern and the symbol timing clock
in the detector [7], [9].

The transmitter and receiver operate in time-division duplex
As they share the same prefilter, in principle the PA outpu a:f / / \ \‘,_\
may be connected to the low-noise amplifier (LNA) input, ,:}.5/ s 2

and a common matching network may transform the share
node impedance to the antenna impedance [10]. However, |
one network could be found to match the shorted-together F
and LNA ports to 5022 in both transmit and receive modes. T

Y

Instead, separate matching networks are used at each port, i

a passive circulator combines the matched outputs into tt &

antenna. The circulator introduces a loss of about 1 dB, whic N )

degrades the receiver noise figure. Alternatively, a low-los &T
«

RF switch could be used.

[ll. CIRcUIT DESIGN T

L

A. Direct Digital Frequency Synthesizer T—7/—1 ; ! , Y >
Frequency Channels (h54

.

. - L (h1
Direct digital frequency synthesis is the best way to creat
rapidly hopping frequencies. The DDFS table-lookup proces 902-928 MHz ISM Band
is feedforward and memoryless, where the programmable ram _ , _ _ _

. Fig. 3. lllustrating this transceiver’s frequency hopping pattern in the ISM
rate of an accumulator sets the instantaneous output freqUeRCY 4 and 4-ESK modulation on the carrier.
Therefore, the output waveform changes with continuous

phase from one frequency to any other in one clock cycle. Rv

contrast, the limited loop bandwidth of a PLL-based frequenc uss —
synthesizer prolongs the settling time. PLL's are usuallg z | MsB1 3 ?‘7 9 E SIN (10b)
narrowband to lower spurious tones caused by referen§ ;11’%—2 s 7 9
feedthrough, and they require large-modulus dividers to fine& s ) T3

resolve frequency resolution. This further lowers bandwidtg g 343 =

[11]. To meet FCC regulations on the 900-MHz ISM band, thi | msB msg-1 ; 3

transceiver hops in a pseudorandom pattern across 54 differ g

frequencies uniformly covering the band (Fig. 3), requiring

a frequency resolution of 482 kHz in the synthesizer. Fc Clock N

frequency diversity, the system combirdeck interleavingof (05(10b)
the data with hopping the carrier once every four transmitte MSB of cosine

SymbOIS’ thatis at 20 !(hOpS_/S. The_ tV\_IO reqUirementS of agi_"lt:Yg. 4. Block diagram of direct digital frequency synthesizer (DDFS).
and frequency resolution will conflict in a PLL, but resolve in

the DDFS.

DDFS-based frequency synthesizers are often thoughtR®duce digital sinewaves with very high spectral purity [14].
dissipate a large power. The ROM must use a large intd/OW power dissipation was not necessarily a goal in those
nal wordlength to synthesize spectrally pure sinewaves, afgplementations; however, it is here [15]. The DDFS (Fig. 4)
therefore its power dissipation is large, particularly at higi implemented with scalable digital cells, whose size is the
clock rates. The DDFS is usually clocked at 5 te @éhe smallestrequired to clock at 100 MHz from a 3-V supply. The
highest synthesized frequency, to relax the analog filter whigiernal wordlengths guarantee that the spectral impurities of
conventionally follows it to remove the image tones aroun@ny synthesized sinewave lie below72.6 dB. In practice,
the clock. The DAC after the DDFS must operate at th@/namic nonlinearities from the DAC will create much larger
same clock rate and resolve 10 b or more to achieve theurious tones in the synthesized analog waveform.
required spectral purity in wireless systems. Most importantly, The ROM used here is 32smaller than a straightforward
dynamic distortion in the DAC creates spurious tones, and lagigsign containing all the coefficients of one full cycle of a
distortion at high clock rates is often obtained at the price sinewave. This small size arises from four simplifications.
a disproportionate rise in power dissipation. The challengeirst, a full sinewave is reconstructed by addressing stored
then, is how to implement a DDFS and DAC synthesizingoefficients for only a quarter of a cycle of a sinewave. Second,
frequencies of tens of megahertz with spurious tones beldoy, phase shifting its input address, one ROM is made to
say —55 dBc, at a power dissipation acceptable for a batteryield both sine and cosine outputs. Third, the ROM stores the
operated device. difference between magnitude and phase of sinewave samples,

Various technigues to compress the size of the sine ROMwhich lowers the stored wordlength by 2 b. And fourth, one
a DDFS [12], [13] have been used in CMOS DDFS IC’s whiclarge table in the ROM is replaced by a coarse table and a
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] and input registers necessary for pipelined operation.
DAC's operating at clock rates of hundreds of megahertz

normally use current steering. Although this is originally - )
a bipolar circuit technique exploiting the differential paifS formed by the polysilicon gate over a heavily-dopet! n
as a fast current switch, it has also been used at vidggion. Data on the matching of these capacitors is obtained
rates in CMOS. With proper division between binary anffom an experimental study of MOSFET matching [17], which
segmented current sources, these DAC's display static integraPWs that the variance in FET current at a given bias depends
linearity approaching 12 b without trimming, but ug“tches,nmversely on polysilicon gate area which is a pessimistic mea-
or code-dependent transients, in current switching causes tiféff¢ of mismatch in FET gate capacitance. Data on capacitor
performance to degrade at high clock rates. Glitches in tAatching was published later [18]. From both sources it is
discrete-time steps when the DAC synthesizes a sinewdoand that to achieve a standard deviation of 0.1% as required
create spurious tones (spurs) in its frequency spectrum. Offeh10-b overall DAC linearity, the capacitor plate area must be
the glitch size depends nonlinearly on the codes, produciﬂgIeaSt 400:m?, which in this structure yields a capacitance
nonharmonic spurs. The spurs lying close to the sinewaQe0-5 pF. Strictly speaking, only the last two MSB stages in
frequency cannot be filtered. this nonsegmented DAC must match to this accuracy, while the
This transceiver uses a glitch-free high-speed CMOS DA@atching in each preceding stage may be progressively relaxed
The DAC samples-and-holds each discrete-time output foy 2x without appreciable effect. To simplify automatic layout
two-thirds of the clock period while the next output is beingeneration, the actual DAC uses the same capacitor in each
calculated:; it then resets to zero over the remaining one-third@farge redistribution cell.
the clock period. The core of the DAC works on the principle There are three other potential sources of DAC inaccu-
of charge bisection in an array of equal-valued capacitoi@cy, hamely: voltage-dependejinction capacitanceof the
connected by FET switches [16] (Fig. 5). This is a circuit-levédfET switches between each DAC capacittiiarge-injection
implementation of a charge-transfer device, and as in a charggough the FET switches on to the DAC capacitors; and
coupled device (CCD), proper operation requires a clock witRrwire capacitanceshunting DAC capacitors and the intercell
three nonoverlapping phases to ensure unidirectional chafyétches. When two capacitors, initially with unequal charges,
flow from least significant bit (LSB) to most significant bitare connected in parallel, the charge bisects exactly if the
(MSB). Starting from an initial capacitor charged low at th€apacitors are matched and the total charge is conserved over
start of every clock cycle, capacitors are precharged to eithethg transient. This is all that is necessary for DAC operation
low (Vo) or a high(Viy;) reference voltage depending on théFig. 5). If two matched capacitors are voltage-dependent, the
bit value. Then, the charge is bisected by redistribution wifinal voltagemay not be the mean of the initial voltages on the
the capacitor to the right. After propagating throuyjistages, two capacitors, buehargeis. So voltage-dependence is of no
the charge is equal to the reference valléVgr — Vo) consequence; only the junction capacitors must match well.
binary-weighted by bits, with a superimposed fixed offset The FET's inject either a fixed or a signal-dependent stray
charge CVio. This offset is unimportant in a differential charge into the DAC capacitors. As the gate voltage rises at
implementation. turn-on, it initially displaces charge into the substrate through
The operation of this D/A converter is pipelined to yield dhe depletion region under the gate. When the FET enters
new conversion every clock cycle [16]. The least-significaftversion, the changing gate voltage modulates the inversion
3-b nibble of the current DAC input word is applied to thdayer, now displacing charge into the source or drain terminal
first three DAC stages, which interact in a sequence set by e the case of an NFET switch, into whichever terminal is at
three phases of the clock; the next 3-b nibble, delayed by oihe lower potential). During1, the capacitor precharges to a
clock cycle, is applied to the next three stages; the next Jiked voltage, and at the end of this phase as the FET turns
nibble is delayed by two clocks, and so on (Fig. 6). off, it injects afixed stray charge through the gate overlap
A 10-b DAC is implemented by 11 equal unit capacitorsapacitance on to the DAC capacitor. This alters the reference
in cascade. There are various possible sources of inaccurecltage on the capacitor, causing gain error in the DAC but
in this DAC. First is mismatch in the unit capacitors. Th@o nonlinearity. However, at the rising edged® and #3, the
capacitor available in the MOSIS jdm CMOS technology FET switch enters inversion at a gate voltage depending on
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the smaller of the voltages stored on the capacitors attach
to either side. Over the remaining excursion of the gat
voltage, the FET injects a signal-dependent charge onto tl
capacitors. At the conclusion of these two phases, the FE
extracts most of this injected charge, but now as the tw
capacitor voltages are equal, the FET shuts off at a higher ge
voltage than before, leaving behind a small, signal-depende 62 dB
charge. Simulations show that this effect introduces spui
below —70 dBc on a synthesized sinewave. Complementar
switches cancel, to the first order, clock feedthrough due t
the NFET and PFET.

The stray wiring capacitance shunting the DAC capacitor
is not troublesome as long as each DAC stage is identice 5 MHz
Somewhat unexpectedly, the stray capacitance shuntirigthe
tercell switchegjives rise to the greatest dynamic nonlinearity.

Charge redistributing between a pair of cells durifjleaks @)
through this stray capacitance into the adjacent cell capacitor,
contaminating the sample during3. Due to the pipelined 50 MHz Sample Rate
operation, the difference between voltages in adjacent ce 3V Supply
grows as the synthesized sinewave frequency rises, caus
a larger error charge to leak through this stray capacitan:
between stages. This intercell stray capacitance is lowered
a few femtofarads by spacing apart each DAC cell, whic
accounts for the large physical size of the DAC. Owing tc
this improved layout, the spurious levels in the synthesize
sinewave spectra here (Fig. 7) are much lower than reported
an earlier version [19]. At low synthesized frequencies, variot l
harmonics appear all lying at62 dBc or lower, while at high
synthesized frequencies, the largest spurious tone rise§T0
dBc. It is difficult to distinguish between aliased harmonic) 25 MHz
and anharmonic spurious tones in this spectrum. The measu [57 dBc

A L n

50 MHz Sample Rate
3V Supply

noise floor of the synthesized spectrum is about 1 dB abo
the theoretical quantization noise level. L
A quasi-differential DAC is implemented with two identical
pipelines, which take as their inputs a digital codeword and (b)
its complement. A switched-capacitor (SC) integrator CONVeRg, 7. Measured spectra of sinewaves synthesized by standalone
the differential output charge at the last stage into a voltaQ®FS/DAC: (a) synthesized 200 kHz and (b) synthesized 16 MHz, with
(Fig. 6). Unlike the capacitors in the core, linear conversidiftails of close-in spurious tones.
of charge-to-voltage requires use of iategrator capacitorin
this buffer with a very small voltage-coefficient. The voltage The DAC core may be clocked to beyond 100 MHz, and
coefficient of the single-poly linear capacitor is specified gle clock frequency is eventually limited only by the RC
0.12%/V, which means that over the 0.5-V full-scale excursidime constant of the FET switch resistance, DAC capacitor,
of the DAC output it introduces a 0.06% nonlinearity. This iand FET capacitances. However, the op amp-based SC buffer
acceptably small for a 10-b DAC. The SC integrator operateannot clock faster than 100 MHz. The op amp is a single-
with two of the three clock phases used in the DACpathe stage, gain-boosted cascode differential pair. Minimum-size
differential input and output are shorted to a common-modeset switches are used at the input to lower the capacitive
bias voltage of 1.5 V, discharging the integration capacitdgad. The signal swing at the input terminals of the op amp
then at¢3 charge is transferred to the integrator from ais restricted to 1.2-1.8 V to keep the input FET's out of the
additional stage following the main DAC, and the capacitdariode region, otherwise the transient response of the op amp
holds the charge ovefl. This extra stage at the DAC outputwill slow down considerably.
is precharged to 2 V and shifts the 1-V common-mode level In precharging to the reference voltage, each DAC cell
in the DAC core to 1.5 V at the op amp input. In doing sccapacitor C samples wideband noise off(k7/C) Vrms
it halves the voltage swing owing to charge redistribution. Asduced by the FET switch resistance. After redistribution,
a result, the differential sinewave at the DAC buffer output idis noise charge bisects but adds to a second uncorrelated
0.5 V full-scale, reset to zero over 33% of each clock cyclaoise sample of/2./(kT/1/2C) induced by the series switch
The rms value of the fundamental frequency in this resettinghich shorts together two adjacent capacitors. The final noise
waveform is 3.5 dB lower than of a continuous sinewave witbaptured in each DAC stage ig(k7/C) = 0.09 mVrms,
the same amplitude. whenC = 0.5 pF. At the last stage, the signal is halved again,
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and because of an additional switching operation the noise
rises slightly. The total rms noise at this node is still well
below the single-ended LSB voltage of 0.25 mV.

The three-phase nonoverlapping clocks are synthesized on-
chip from a single externally supplied square wave. One
possible way to do so is to tap these phases from a three-
stage ring oscillator locked to an 80-MHz reference, but the
ring oscillator usually introduces an unacceptably large jitter.
Instead, a three-stage ring counter divides a low-jitter 240-
MHz sinewave input, andiAND gates at its outputs create
three nonoverlapped phases. Each phase also needs a well-
aligned complementary clock, which is derived by inverting
a clock phase and balancing the inverter delay with ratioed
delay stages [20]. 109

100

DAC-Q

C Upconversion Mixers Fig. 8. Four-FET switch upconversion mixer as used in this transmitter, here
' shown in quadrature image-reject configuration.
The passivdour-FET commutating switcfFig. 8) is used

as a double-balanced upconversion mixer. Balanced quadratiire

signals from the RF oscillator upconvert the baseband outp FETON Y 0 | o
of the quadrature DDFS/DAC frequency synthesizer in th 1 L glg

four-FET switch mixers, whose outputs are tied together i t 530 .~
select a single sideband. Each switch mixer connects 1 J_Vg g_m 43dB '/
baseband signal to the balanced output either as is, or inver ys T .50 //

The double-balanced configuration cancels the strong seco 3 6 3

order nonlinearity of the FET |-V triode characteristic, bu < .70

third-order nonlinearity will remain. There are two othe Z _gp

possible sources of nonlinearity in this mixer. First, witl L = 15 -10 -5 0 5 10
inadequate gate voltage swing, thatis < V;(max) + V;, the B Mixer Input, dBV

mixer NFET'’s are in saturation and clip the output waveform. (@) (b)

This clipping will not appear if the ga_‘te VO“?‘Qe swing i%ig. 9. (@) The large baseband signals modulate the switching instant of the
large enough. Howevel/; must still swing sufficiently low mixer, resulting in (b) third-order distortion, shown as a function of the input
to turn OFF the FET’s at the lowesdt,. Second, the finite signal level.

slope of the gate voltage waveform gives rise to a dynamic

nonlinearity. The FET turns ON whe¥ig = V; + V;, which e |SM band. This form of distortion, too, is lowered by
means that by modulating the instant of turn-on and therefo&spwmg a larger LO driveVg, to the mixer.

the commutation pulsewidtfFig. 9), the input signal creates a " |," 5 simple embodiment of the quadrature upconverter
third-order distortion. This form of distortion appears in FE-EFig. 8), the signals in thd and Q channels of the single-

sar_nple-and-_hold svyi_tches and the resulting signal-to-distortigRiahand mixer are summed in current mode by shorting
ratio (SDR) is empirically modeled as [21] together the outputs (drain terminals) of the two upconversion
Ve FET's. However, when the quadrature phases of the gate
SDR = 20 108‘<m> —4dB (1) voltage overlap in time, they create a conduction path between
St the inputs (source terminals) of the two mixers (Fig. 10).
where fin is the input Signa| frequency anHG/tF is the During this overlap time, the mixer switches connect the output
slope of the gate voltage. As this distortion arises from tinf the SC buffer op amp (Fig. 6) in one DAC to the buffer
modulation, it will appear even if the FET -V characteristicgutput of the other DAC. This may overload the mixer output
are perfectly linear. At an input frequency of 10 MHz an@nd cause serious distortion. To sustain the overload without
a gate voltage falling by 3 V in 0.5 ns, HSPICE predicts @lipping, either the bias currentin the op amp should be raised,
mixer 1IP3 of +16 dBV amplitude (Fig. 9). With a DAC output Or it must be followed by a second linear buffer designed
amplitude of 0.5 V £6 dBV) the third harmonic appears 43specifically to absorb this load. The second option is more
dB below the fundamental tone. power efficient. Accordingly, a differential pair degenerated
When two signals are in quadrature at the fundamenwith a polysilicon resistor and loaded with another resistor
frequency , their third harmonics areamtiquadrature. There- (Fig. 11) follows the op amp. This buffer distorts the 0.5-
fore, an image-reject mixer configured to select tigper V amplitude sinewave by less than60 dB, and its loaded
sideband of thdundamental basebanflequency will select voltage gain is 0.75 (that is-2.5 dB).
the lower sideband of the third harmonic, as is explained The DAC output spectrum comprises the fundamental fre-
in greater detail in (2) and (3). After upconversion, a lowuency f; and images of the fundamental frequency around
synthesized frequency and its third harmonic will both lie ithe clock frequency . + f1. Harmonics at the DAC output,
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Both 1&Q mixers conduct

DDFS ="

!

Buipnpuod 134N

and

Fig. 10. Both mixers in image-reject topology conduct during the overlag -9.5dBc -9.5dBc
ping portion of the quadrature LO waveforms. Thus, one mixer input loac -14dBc flo
the other. | t /
frr 3fer Sfar . /f =
915MHz  2.7GHz  4.6GHz fasthy ety

———  3rd-order '”“'rmudl' -

f
DC f'l o fm:-3 f-|

Fig. 12. Frequency spectra at various key points in the transmitter: com-
mutating mixer LO, baseband signal with dc offset, output of upconversion
mixer after sideband selection, and in-band intermodulation product created
Fig. 11. Baseband buffer following DAC, required to drive mixer andn nonlinear power amplifier.

subsequent circuits.

which tend to be much lower than the images, are neglected %termodulatlon distortion among the various input frequencies

the purpose of this discussion. The frequency spectrum of a‘ﬁﬂ? create new frequencies at the PA output, suchi%r —

sampled-and-held waveform is subject teim /= envelope. —2(fre + /1) = frr —3/1. Although this intermod lies at
Here, because the sample is held over a 67% duty cyctIQe same frequency as the upconverted third harmonic of the

the first null lies at(3/2) fax (Fig. 12). Both the synthesizedDDFS .baseband. output, its amplitude may be.much Igrggr,
baseband sinewavand its images are upconverted. As thé‘nd this results in an unacceptably I_arge spurious emission
mixer FET's are driven into commutation, in the time-domailf! the 1SM band. Therefore, frequencies upconverted by the
the baseband sampled-data waveform is multiplied syare third harmonic of the RF must not be allowed to enter the

wavewhich alternates betweenl and—1 at the frequency Nonlinear PA. _ .
of the RF oscillator. In the frequency domain, this is the Linear mixers, which preserve the sinusoidal waveforms of

convolution of the DAC output spectrum with the spectrum dh€ Paseband and LO signals during analog multiplication,

a square wave. The square wave consists of the fundamelfgp!ly generate only sum and difference frequencies at the
frequency frr and odd harmonics fur. 5fre, . .. , with ©utput but no harmonics. RF-CMOS linear mixers have been

relative amplitudes of /3rd, 1/5th, . . . . proposed [22] as a way to overcome upconversion to harmon-
The upconverting waveforms in the two commutating mixCS. However, to preserve waveshape, a linear mixer must use
ers are square waves delayed by a quarter-peigdfgy), @ Small LO drive, and this in turn means that the baseband

whose frequency spectra are, respectively input experiences a large conversion loss to the RF output. It
1 is not easy to make up this loss at the mixer's upconverted
Vio_1 = sinwrrt + 3 sin 3wWrrt + - - - (2) output, because subsequent amplification is at RF.
. The four-FET switch upconversion mixer used in this trans-
Vio—g = sinwrr <t+ 5 ) ceiver achieves, in practice, a conversion gain very close to
WRF the theoretical value o2/x [23], the maximum possible in
+ lsin3wRF <t+ i ) 4o a mixer core. However, as a consequence of switching, the
3 2wRF baseband signal is now upconverted around the third harmonic

of the RF oscillator frequency~2.7 GHz). This undesired
upconversion must be removed prior to the nonlinear PA. A
The baseband spectrum is therefore upconverted by quadragiieple solution is to filter out all frequencies lying around 2.7
phases to the fundamental of the RF, andayi-quadrature GHz. However, an on-chid.C' low-pass using lowg spiral
phases to the third harmonic of the RF. As a result of the sigrductors is not sufficiently selective to pass 928 MHz yet
difference, a mixer arrangement designed to selecufiper adequately attenuate 2.7 GHz. Also, it was found on an earlier
sideband at the fundamental RFzr + fi, will select the prototype of a single-chip transmitter where such a filter is
lower sideband at the third harmonic of the REgrr — fi. used [24] that the inductors consume a very large chip area. As

To achieve a high conversion efficiency with the constantiescribed in the following section, an alternative, very compact
envelope FSK modulation, the input level is large enough tphasing” method may selectively null the undesired harmonic
force the PA to operate in the clipping region. Third-ordeupconversion.

1
= cOS wWrrt — 3 cos Swrrt+ . 3
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f E- 1P S AS— >
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3f / 5 104
........... > W&
N Fig. 14. Double-quadrature upconversion mixer produces the two opposite
(@) sequences in quadrature required at the input to the polyphase filter.
é. 0 this is extended with four mixers to a full-matrix trigonometric
¥ q‘QQQ "?PF ¢°> product (Fig. 14), which has been called the double-quadrature
mixer [26], [27]. The following trigonometric relations define
the pairwise summed outputs:
— 1
- 3

5 cos wyt - <COS wrrt — = cos 3wrrt + -- )
Qin .
— —sinwit - | sinwrpt + = sin Jwrpt + - - -
IE um 1 < RF 3 RF )
- 1 1
M =5 <Cos(wRF +w )t — 3 cos(3wrr — w1 )t + - - ) 4)
4’9 S coswit- | sinw t—i—lsiniiw t4--
% .‘? 1 RF 3 RF

1
(b) + sinwqt - <COS wWrrt — 3 cos Swrrt + - - )

Fig. 13. (ag Iirinciple oIhRC [t)r?lyphgserillter, sgoyvinic; howtittrjulls cf)ne ilnpr]t 1 1
zﬁgﬁence, ut passes the other. (b) Balanced implementation of polyphase _ 5 <Sm(wRF —i—wl)t—i— §SIH(3WRF _ wl)t—i- . ) (5)
The output consists of the upper sideband of the tone

D. Filtering Major Spectral Impurities w1 upconverted around the fundamentaly, and the lower

'geband of the tone upconverted aroag:r. Furthermore,

ey are in opposite sequences because the two outputs at
wWRF — wp are in quadrature while &wrr — w; they are in
anti-quadrature [(4) and (B)]R x C in the filter is set to
]#(27r x 2.7 GHz). The 2.7-GHz currents entering the two
o [Rputs to the filter are, respectively, rotated anti-phase at the
retards or advances the phase of its inputs at a freque ?gfput andnull. Whereas the 900-MHz current traversing this

1/(.2WRC) by +45° or —45°,-resp.ectively, SO depepding Milter is advanced in phase through the capacitor by an angle
which one of the two possible input sequences is appllegso + ¢ while it is retarded by the same %5- ¢ through

the outputs will either reinforce or null (Fig. 13). The fully,q resistor (Fig. 13). Herep = arctan(0.9/2.7) = 26.5°.
analog polyphase filter consists of a circular symmetric RE,e rotated signals reinforce in phase at the output, so the
network, which is subject to balanced quadrature inputs, aggl, passesthe input sequence at 900 MHz. In effect, the
produces balanced quadrature outputs. This discrimi”atiBSuble-quadrature upconversion combined with the polyphase
property of the polyphase filter is used here in a new wajjiter acts as a sharply tuned notch filter for third harmonic
to null UpconverSion around the third harmonic while paSSi%Conversion. The smalk and C required make the filter
upconversion around the fundamental. physically compact.

First, a single-sideband mixer arrangement must be devisedrhe values of the integrateld and C' in the polyphase filter
to upconvert a baseband signal into one sequence at &€ subject to process variations. Simulations show that in spite
fundamental RF and into the opposite sequence at the thifda deviation in the RC time constant of as large4e20%,
harmonic. A standard image-reject mixer, consisting of twmie polyphase filter suppresses the unwanted upconversion by
mixers driven by quadrature phases each of the baseband ane than 17 dB.
RF signals, yields only aingle phaseof the upconverted It has been suggested [27] that following a double quadra-
signal. To create an upconverted outputjuadrature phases, ture upconversion mixer, a polyphase filter tuned to the LO
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The polyphase filter selectively passes or nulls quadrat
inputs depending on theBequencd25]. When the in-phase
componentleads the quadrature component by °9Qit is
said to comprise one sequence, whereas whelags by
90° it comprises the other sequence. An RC-CR netwo
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BPF T

frequency can also further suppress the unwanted sideban:’
900 MHz, which appears at the output due to gain mismatch
the mixers and errors in quadrature phase at the LO. Analy
shows that this is not feasible, because with random ge
and phase errors the residual unwanted sideband acqui
with equal likelihood, either theamesequence as the wantec
sideband or theopposite sequence. As the polyphasmly
suppresses the opposite sequence [25], on average it cal
improve the ratio of the wanted to the unwanted sideband

DDFS &

an upconversion mixer. <-8dBe fre=faicty fae ot
There are two other sources of unwanted frequencies whi I 1<—8dBc
will appear in the transmitter output: the upconverted imag( _| W f ot
of the synthesized frequency around the DDFS/DAC cloc| fi<13MHz  fq(100MHz) . R
and the upconverted dc offset at the DAC buffer. Each __
now considered individually. At a sampling frequency o H \
welk, the baseband frequency spectrum of a sampled-and-h ! ‘,
waveform which resets for one-third of the clock cycle i T ! \
(Fig. 15) Pl
. . ferthy
. sin (Wﬁ)
F(jw) = Wizw[é(w - wl) - 6(w — Welk + wl) Fig. 15. Upconverted spectrum of DDFS/DAC images. With a sufficiently
Fwelk high clock rate, the upconverted images lie in the stopband of the RF filter.
+6(w —wak —w1)+ -+ (6) This eliminates a baseband image-reject filter after the DAC.

where the coefficient on the right-hand side is the «/x ) )

envelope, and the three terms are the baseband synthesfdfie RF oscillator frequency. More precisely, offséts and
frequency and its upper and lower images around the clodky2 at the two DAC output buffers upconvert into quadraturg
Depending on its sign, each term upconverts in the doubRhases, add as vectors, and pass through the polyphase filter
guadrature mixer into either an upper or a lower sidebarlfSt as does the desired baseband tone synthesized by the
The output spectrum comprises frequencies + wi, wrr + DDFS. The amplitude of the main synthesized sinewave at
w1 + welk, - . . OF, in the case of a lower selected sidebandrr +w1 is equal to the DAC full-scale voltagérs, and the
Wi — W1, WrF —w1 £wa, - . . (Fig. 12). On passing throughrelative strength of the spurious tone.air is v/(V3, +V3,) :

the nonlinear power amplifier, this ensemble of frequencidss-

suffers intermodulation distortion. However, third-order inter- The SC integrator at the DAC output (Fig. 6) is not au-
modulation between the main tone and one upconverted imdgéeroed, so its equivalent input offset voltage appears at the
creates a signal at theher upconverted image. For exampleoutput multiplied by the gairgx. To this adds the offset of the
one such intermodulation product lies at following open-loop buffer. The analog switch mixer FET's
do not contribute offset. Monte Carlo simulations on SPICE
using MOSFET matching data [17] suggest a cumulative offset

In fact, all the third-order intermods in this case coincideéf 16 mV rms in the baseband section prior to the mixer.
with members of the original frequency ensemble. ThereforEhe upconverted dc offset produces a spur potentially much
intermodulation does not create any new frequencies, Hatger than the spurs in the DDFS/DAC output. For example,
merely redistributes energy between the original ensemiWh Vis = 0.5 V and Vor = Voo ~ 10 mV, the spurious
of frequencies. For a modulation with constant amplitudéone at the mixer outputs is31 dBc relative to the desired
such as the 4-FSK used here, amplitude rebalancing betwé@te using the above equation. This spurious tone remains
frequencies is a benign effect. stationary as the carrier frequency hops across the ISM band,

The images around the DDFS/DAC clock (Fig. 15) mugnd unlike the modulated waveform it does not spread out
also be suppressed. However, wheg, > 80 MHz, these in frequency. A steady emission of this magnitude at 915
images will upconvert out of the ISM band, where they wilMHz will violate FCC rules. To circumvent this problem,
experience the 40-dB stopband loss of tifechip RF filter the RF oscillator frequency is lowerdskelow the ISM band,
(Fig. 15). The attenuated images lie below the permissidfe a frequency where the RF filter at the transmitter output
out-of-ISM band limits on radiation set by the FCC. Thisittenuates it by at least 10 dB. To compensate, the DDFS must
eliminates the need for an image-reject filter after the DA@ow synthesize higher frequencies, and only its upper sideband
which would otherwise be quite power-hungry because it mustused, which lies in the ISM band after upconversion. In the
pass the DAC output with very low distortion. In effect, thdinal implementation, the RF oscillator is tuned to roughly 890
highly linear, passive RF preselect filter at the transmittéiHz, while the DDFS/DAC clocks at 100 MHz to synthesize
output fulfills this role without draining any bias current.  frequencies of up to 38 MHz928 —890). The closest image

Another important spectral impurity arises from dc offset atow lies at890 + 100 — 38 = 952 MHz and suffers a loss of
the DAC's output buffers, which upconverts as a spurious toadout 30 dB in the RF filter. Owing to thén « /z rolloff of the
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2 x (wrr +w1) — (WRF + W1 — Welk) = WRF + w1 +wek- (7)
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Fig. 16. Curves of equal unwanted sideband suppression in an image-reject

mixer, as functions of gain mismatch in the mixers and phase error in
guadrature LO signals. %(VTR _Vt)

lllustrating differential negative resistance region produced by FET

sampled-and-held DAC output, the image is lower by anoth‘g;fr and the amplitude of oscillation this implies.

8 dB compared to the main tone. At the transmitter output,
therefore, the closest image is lower by 38 dB compared toThe oscillator core comorises a cross-counled pair of
the desired tone. When the synthesized frequency lies at the P b P

lower end of the ISM band, 902 MHz, the image is farthest arF?meon source FET's with inductor loads (Fig. 17). The
h

ET pair presen ifferential n ive resistan h
lowered by another 12 dB because of greater attenuation in pair presents a differential negative resistance to the
WO on-chip inductor loads, which are selected to resonate

RF filter and thesinx/x response. As the carrier frequency

hops, on average the image will lie 44 dB below the main at the desired frequency with the capacitance at the NFET

tone. It may be further lowered either by using an RF flltegate and the drain junction. The voltage-dependent junction
apacitance is used to fine-tune the oscillation frequency, as

}/:lgguinscf;/arper transition band, or by raising the DAC Cloc%)l!ows. The other terminals of the inductors tie to.a common
' point, and then to the supply through a PFET biased in the

) triode region. As the PFET resistance varies with its gate
E. RF Quadrature Oscillator voltage, it changes the dc voltage drop across the PFET, and

Errors in the quadrature phases of the baseband signals tmmdugh the inductors the bias voltaffgr appearing on the
the upconversion frequency, and gain mismatch in the ti4FET drains. A fractional frequency tuning range of about
channels, limit suppression of the unwanted sideband in78 is expected over a PFE:g ranging from 1 to 2 V.
guadrature upconverter (Fig. 16). The DDFS produces perfectWhen both NFET's are in the saturation region, the
guadrature by definition, although skew in the clocks to tHeV characteristic produces a differential negative resistance
two channels of the DDFS/DAC must be kept to a minimungFig. 18); when one FET turns OFF or enters the triode region,
For example, a skew of 73 ps between the clocks to thethe differential resistance becomes positive. To guarantee
and @@ DAC'’s appears as a°lphase error between 38 MHzstartup, the oscillator is designed with a surplus of negative
synthesized sine and cosine waveforms. The clock lines aissipation. The oscillation amplitude grows at power-up and
therefore laid out with great care. stabilizes when thenergy gainedy the tuned circuit as the

A greater phase error usually arises in the RF oscillatarscillation swings through the negative resistance balances
Most oscillators produce a single-phase output, some asreergy lostin the positive resistance region. It follows that
balanced signal. Normally an external passive RC—CR pha#fee oscillation amplitude must be at least as large as the
shift network converts this into quadrature phases [5]. Amegative resistance region, which spans a differential voltage
integrated RC-CR network will suffer from process spreadf 4(Vrg —V;) and is easily several volts. This large amplitude
on the RC time constant, resulting in amplitude imbalandmproves the “carrier-to-noise” ratio in the oscillator core,
between the quadrature outputs. Furthermore, the typical R@is lowering phase noise [28]. A large oscillation amplitude
phase-shift network will load the RF oscillator. A buffer afteis important to counteract the lowWp tuned circuit: in this
the oscillator to relieve this loading will be power hungry anémplementation, the spiral inducto®? is between three to
may also attenuate the oscillation amplitude. These varidieair. It also improves the conversion gain when driving the
conflicts resolve in an oscillator which inherently producemixers.
balanced outputs in accurate quadrature and directly drived/arious oscillators with quadrature outputs have been pub-
the switching upconversion mixers. This type of oscillator isshed over the years. One of the first was a cross-coupled
used here. two-vacuum tube oscillator with mutual inductance [29]. More

INTEL-1036
U.S. Patent 7,151,430



ROUFOUGARAN et al.: SINGLE-CHIP 900-MHz SPREAD-SPECTRUM WIRELESS TRANSCEIVER IN:fit CMOS—PART | 525

| Y
glvatvg) L L g, (vg-vp)

+ +
Va (d Ll vg
T T

| S—

@) (b)

Fig. 20. (a) Quadrature oscillator redrawn, emphasizing its symmetry and
showing the resonator currents; and (b) the relative phases of the voltages
across the resonators required for symmetric operation.

Fig. 19. Quadrature oscillator comprises a pair of cross-coup@ascil- = mants
lators synchronized in frequency. 900 1 60 :_f1 P f?
800 1 S0 1 ouf Y"1

recently, balanced quadrature outputs are obtained from t 2—700 500% [WF] 220
cross-coupled relaxation oscillators [30]. Another oscillatc £ 600 1 o
consists of twaC biquad filters in feedback [31]. Four-stage g 500 fy B .20
ring oscillators also produce quadrature at taps two stages a| £ 400 fz}L’ §-40 [T f3__________
[32], [33]. However, it is difficult (although apparently not g 300 | =
impossible [34]) to obtain the requisite low phase noise = 200[—f; 7 \ 60
CMOS ring oscillators. 100 a S -80

This transceiver uses drC quadrature oscillator. It com- 0 -100
prises two unit oscillators as described above, labeled A a 1 10° 10! - 10° 1
B, and additional coupling FET’s inserted in parallel with th Frequency, GHz Frequency, GHz

oscillator core. The balanced output of Oscillator Adigect- _ - s

ledto th lina EET’s in Oscillator B. and th t Eg. 21. Magr_ntude and phase of a reallstlc resonator’s impedance, §how-
coup e_ 0 the C(?Up g S SC ap » & ) € outpu g three possible oscillation frequencies. The oscillator selects the highest
of Oscillator B iscross-couplednto Oscillator A (Fig. 19). frequency because the feedback loop gain is largest here.
The two oscillators synchronize to exactly the same frequency

but are forged into quadrature phases by _the coupling.topolog)ﬁcuit impedance i /(,/2g,,) and its phase is either45°

The following symmetry argument explains how, owing only, _ 45 (Fig. 20). In anLC resonator with series loss in the

to the topology, the circuit oscillates in quadrature. inductor, these phases appear at three different frequerfgies,
Suppose phasorg, and vz, respectively, are the steady-y, anq f, (Fig. 21). However, among them onj is stable,

state outputs of Oscillators A and B, with reference polaritigh, 4 se at this frequency the impedance is largest, and thus the

as shown (Fig. 20). Then the phasor current into the tuned logd ghack factor in the oscillator is strongest. Atthe phase

of Oscillator A is g, (V4 + V), but it is gm(—ta + @) IO of the resonator's impedance is45°, which means thats

the load of Oscillator B, where,, is the differential average , st lead?, by 9C°, as is shown in Fig. 20. Note also that the

large-signal transconductance of the FET’s. Arguing purely by ijiation frequency isiigherthan the resonance of the tuned

symmetry, if the respective components in the two Circuits aggc it which is an advantage when building an RF circuit

identical then the two oscillations must also be identical i@perating close to the capabilities of an IC technology. The

frequencyand in amplitude. Therefore, the impedance of thgandard theory of phase noise [28] must be modified for this

two LC tuned circuits is equal, and the phasor currents drivingscijiator, and this will be the subject of another publication.

them are alsequal in magnitude. This is only possibledi  peasurements on a standalone prototype of this oscilla-
and4 are in quadrature(Fig. 20), which proves the Circuit 1o haye been reported previously [35]. The accuracy of
principle. quadrature cannot be measured on an oscilloscope, because

vp may leadv, by 90, or lag it; in either case the 5 1o hhase error at 900 MHz, for instance, corresponds to a
conditions for quadrature oscillation are met. To resolve thifgarential delay of 3 ps between teand( outputs, which is
ambiguity, the asymmetrical frequency dependence of thgyy gitficult to resolve on a linear time axis. Instead, by using
tuned C|rcg|t impedance is invoked. First consider the steaq}ﬁ—e oscillator in a single-sideband upconversion experiment,
state relation between resonator current and voltage. In Osgils quadrature error is deduced from measurements on the
lator A, for instance, the voltage across the resonatarils |ogarithmic amplitude display of a spectrum analyzer. The
while the current supplied by the FET ¢5,(d.4 +¥s)- ASUs  standalone oscillator's outputs drive the gates of two four-
and v are equal and at right angles, the steady-state tUnefit mixers on the same chip; balanced quadrature outputs

LSupposer a real number. and 9 Thenloa + vg| from a 10-MHz sinewave generator drive the sources of the

=, , 4 = reld?. v, vg| = , . .
=0 -+ vss| implies thatl1 + e2%] = [1 — e|, which requirescos # = 0, FET'S; and the drains are shorted together into twd50ads
that is# = £90°. to select one sideband of the upconverted output [35]. The
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unwanted sideband is found to be 45 dB below the wanted
sideband, which implies a quadrature accuracy of better than
1° and a gain matching of better than 0.1 dB (Fig. 16). The
oscillation amplitude is indirectly measured by biasing the FET
mixers as common-source stages and de-embedding their sim-
ulated gain at the oscillation frequency. The measured close-in
phase-noise (Fig. 22) shows a slope of 28 dB/decade up to an
offset frequency of 200 kHz, attributed to upconverted flicker
noise originating in the oscillator NFET's, and thereafter the
slope falls to 20 dB/decade. Over the 18% fractional tuning
range of this oscillator, the single-sideband phase-noise at a
100-kHz offset frequency remains almost constant-a02 L
dBc/Hz. 890 900 910 920 930
In the transceiver also, the oscillator outpdigectly drive

the gates of the upconversion mixer FET's. The mixer gate Frequency, MHz
capacitance loads the tuned circuit in the oscillator. As the @
large amplitude oscillation output applied at the gate sweeps 70

=J

Amplitude, diff ptp
(4] (<]

F =Y

the mixer FET’s from inversion, through depletion, into accu- N \“‘\ ,e/,l |
mulation, and the large DDFS/DAC signal at the FET source L 8 - C’fe,/v

varies its bias, the changing capacitance of each mixer FET & \ e

will modulate the oscillator's resonant frequency to create © % YN O%-

. . ; 2 Y B,
spurious tones in the form of FM sidebands. However, this _g My g
double-balanced mixer loads a balanced oscillator, and it 2 449 ALYl —
is found that the increasing capacitance which loads one )
side of the quadrature oscillator counteracts the decreasing E-”O
capacitance loading the other side. SPICE simulations show o
that the average capacitance presented by the balanced mixers 120

to the inductor loads varies very little over the cycle (Fig. 23), 10* 23 45678495 2 3 4
so that the oscillator keeps to the average resonant frequency. Offset Frequency, Hz
FM sidebands produced by the very small fluctuations in (b)

_average capacitance lie belevb0 dBc. It Sh_OUId be noted t_hatFig. 22. Measurements on standalone oscillator prototype: (a) amplitude of
if the common-modealue of the baseband inputs to the mixersscillation versus frequency tuning range and (b) typical phase noise across
shifts, then the mixer FET’s will be biased differently, andning range.
all mixers will present a different capacitance to the inductor
load. This will shift the oscillation frequency. The modulation 380
coefficient from the common-mode input to the oscillation
frequency in this circuit is 2.5 MHz/V. This is low enough
that any common-mode noise is not expected to contribute
significant phase noise.

The 30-nH spiral inductors in the oscillator are implemented
in Metal 2, which has the lower sheet resistance, and Metal 1
brings out the inner end of the spiral. The substrate under the
inductor is etched away after fabrication, leaving the inductor
encased in Si® above a cavity [23], [36]. This eliminates
the capacitance to substrate of this large inductor and also all
losses due to displacement currents or eddy currents in the
substrate. The only remaining loss is in the resistance of the Average Capacitance
windings. The inductor turns wind outwards from a large hole 3000 100 200
in the middle. Any turns in the middle would contribute mostly
loss but little inductance [23].

c(LO)
360

340

320

Mxr Gate Capacitance (fF)

Time (ns)

Fig. 23. Simulated variation in small-signal gate capacitance of each FET
in one upconversion mixer caused by the large baseband signal. Average
capacitance varies by very little.

F. Power Amplifier

The PA must deliver up to 20 mW into a 3®-load, Thus, each half of the balanced PA delivers a peak output of
controllable by a digital word to a level as low as 20/. The 10 mW, which corresponds to a peak-to-peak swing of 2 V. To
PA is also a balanced circuit, whose two antiphase outpwsliver a higher output power into 5Q from a 3-V supply,
combine in an off-chip balun into the single-ended (0-the load must be transformed with high-quality discrete
antenna load. The impedance at all ports of the balun i€.50and C’s into a small resistance [37].
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Fig. 24. Power amplifier circuit (one half of quasi-differential circuit is
shown here). NFET's in the binary-weighted array are digitally selected
by PFET'’s. Output currents combine in matching network, which absorbs
package inductor and capacitors.

‘Metal 2 /
A phase-continuous frequency-hopped sinewave modulated Kroimi iV 77/
by 4-FSK defines a constant envelope waveform. This may =
be amplified in a high-efficiency but nonlinear Class-AB

circuit to generate the antenna current (Fig. 24). The PA
is constructed as follows. An NFET is chosen to give the

Silicon substrate %
Q

specified large-signal transconductance at thedamental spreading R=70
frequencyof 900 MHz. This FET is 40Qsm wide and 1zm J_
long. The upconverted voltage at the mixer output is driven =
into this FET through an inductor-loaded common-source (b)

stage, bu.ﬁ.ered .by an NF!ET Sour(.;e fqllower to level-shift dOWII—Jlg. 25. Sources of RF loss in the CMOS substrate. (a) Model of the
the amplified signal. This combination is referred to as th@pstrate showing various parasitic elements of concern. (b) Special shielded

driver circuit for the PA. The MOSFET PA has a large junctiomRF pad used at PA outputs and LNA inputs.
capacitanceCpg to substrate at the output. At a specified

radio frequency, this capacitance limits the power the FEfynificant loss at RF because the signal couples capaci-
can deliver to a 5@ load: as the FET width is scaled Upgyely through the oxide into the substrate spreading resistance
for larger transconductancé€pg grows proportionally, until (Fig. 25). Under a pad 11& 110 um in size, the spreading
its low-pass response with the fixed load resistor drops belo¥sistance is about 7@, and at 900 MHz this dominates
900 MHz. The design rules of the CMOS technology set the pad impedance to ground. This means that almost half
ratio of FET gy, to Cpg. To estimate the effect Pps, Note  the power intended for the antenna load will be wasted into
that Cpp ~ Cgs, from which it follows thatgn, ~ wrCps,  the substrate, a 3-dB loss in power gain. To prevent this, a
wherewr is the radian unity current-gain frequency. special structure called the “RF pad” [23] is used (Fig. 25).
Next, this output FET is split into an array of binary4t consists of the smallest practicable square of Metal-2 to
weighted FET'’s in parallel, whose total width is the sam@hich a wirebond may attach, 68 60 pm in size, and a
as the original. The respective source followers in the drivebmmon Metal-1 grounded shield placed under two adjacent
circuit are split too in the same way. The gates of thRr pads carrying balanced signals. The shield connects to off-
array of source followers are tied together, and the draiggip ground via three bondwires to lower the series inductance.
of the output FET's are tied together to drive the off-chifrhis very effectively shields the signals from loss in the
load. PMOS switches in series with the drain of each sourggpstrate spreading resistance. The pad now appears like a
follower activate individual elements of this array by digitalossless capacitor to ground.
control. Only the activated FET's in the output array contribute A simple matching network transforms the PA output to
currents to the antenna, and the sum of these currentsnégrly 50 (Fig. 24). The network absorbs the pad capac-
weighted by the digital word applied to the PFET switchestance, bondwire inductance, and capacitance at the package
A five-stage circuit yields an output range of°(2l):1 in pins, and requires an external chip inductor of 10 nH. An
current, or 30 dB in power delivered to the load. In this wayxternal RF choke connected to the 3-V supply carries the
power control is built into the core of this circuit. bias current for the output FET array. The drain voltage of the
The circuit responds rapidly to updates in the power contrbA FET’s swings above the power supply.
word. As the transmitter turns ON and OFF, a sequence ofMeasurements on a standalone PA prototype [38] with
power control words to optimally shape the attack and decsix stages verify that the output power sweeps over the
envelopes of the PA output can lower frequency splatter. designed range as the digital control word changes from
Each side of the quasi-differential PA connects to the of6f00001 to 111111 (Fig. 26). The driver's output voltage
chip transmission line through a pad and a bondwire. Aswing is unaffected by the digital word and is chosen so
ordinary CMOS metal pad over the substrate encounterghat all ON FET’s in the output array operate at their 1-dB
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apparent in a logarithmic efficiency plot (Fig. 26). A higher
output power at greater efficiency may be obtained by adding

‘ progressively larger FET's to the array, until the increased
0" capacitance limits the pole frequency with the 80ead, or

—
o
N

e the voltage swing on the load exceeds limits set by the 3-V
g power supply. The measured power-conversion efficiency at
F"F/_:i&?ii maximum output of+-13 dBm is about 50%.
a4 ' The question arises as to whether a change in the digital
{.( £ C)\QQ . word, and thus the output power, also causes the PA output
A impedance to vary. If the output impedance changes greatly,
o T T the match to the 50 load impedance will worsen at some
settings, and this may lower power-converion efficiency and
possibly cause instability. In this context, the large drain
-25 -15 -5 5 15 junction capacitance of the MOSFET is an unexpected asset
TX Output, dBm because it is attached to the FET output irrespective of
whether or not the FET is ON. The shorted-together drain
junctions of the FET array present @onstantcapacitance
@ whose susceptance at 900 MHz dominateg/theand governs
ISM Band the PA output admittance.
The measured,. of the standalone prototype at 900 MHz is
| —15 dB at mid power levels, and falls to30 dB at maximum
™ power (Fig. 26). This might appear like a large change in
N decibels, but it corresponds to a change in the output reflection
coefficient from a small value, 0.18, to a yet smaller value,
0.03. This variation is due to the relatively minor change in
output impedance contributed by, as FET's in the array
turn ON. This range ok, is satisfactory as far as efficient
power transfer to the load is concerned, and furthermore, the
impedance matching holds across a wide bandwidth. This
means improved stability. The stability factor [3B]is 1.4 at
-30 100 MHz, rising to 29 at 2 GHz. A value d& greater than
400 500 600 700 800 900 1000 1100 1200 1300 1400 one guarantees unconditional stability under any load.
Frequency, MHz

N W u

—
o
—

N W

PA Conversion Efficiency, %

—
o
o

u

-10 Nominal
™~

(b) IV. 1SSUES OFMONOLITHIC INTEGRATION

Fig. 26. (a) Measured PA efficiency across full output range. The efficiency . - . .
conforms to theoretical expectations. (b) Measured outputat middle and 1 e various building blocks described above are integrated

maximum output power levels. onto a common substrate shared with the receiver. This section
describes some of the challenges in buffering the various

compression point. This is the optimum condition to amp"fi)aseband and RF building blocks and their physical layout.

a constant-envelope signal with high efficiency. A larger drivls For convenience, an off-chip PLL is used to lock the

) ) . . . . F oscillator to a 10-MHz crystal. An RF output buffer is
into strong saturation will produce higher sidelobes in the . : .
now required to drive an off-chip prescaler. Another set of

PET switch mixers is used for this purpose. The oscillator
%pconverts a dc input to its own frequency in this mixer, which

then drives external 5Q-loads; alternatively, one can think of

It is straightforward to predict the dependence of this PAe mixer FET's with dc bias as differential common-source
power conversion efficiency on output power. Efficiency igmpjifiers. After frequency division and comparison with the

defined here as the ratio of the RF power delivered to the |0§6_MHZ reference, the PLL filter output sets the frequency of
to the dc power drawn from the 3-V supply by the PA corgne on-chip VCO.

that is, by the output FET array and the corresponding array ofrhe DAC must drive the junction and gate capacitance of
source followers. As the preamplifier drives the FET array witlhye FET switches in the upconversion mixers and also the
the same voltage amplitude under all conditions, the currefifrrent into the RC polyphase filter. One possible way to drive
taken from the supply is proportional to the effective widtlthis load is to scale up the op amp at the DAC output, but
Wen of the array transistors that are activated by the contrglis results in an unacceptably large current drain. Instead, the
word. The output FET’s are nearly perfect transconductors aB0-MHz open-loop buffers described previously (Fig. 11) are
deliver a power to the loaé? R which is proportional td¥2;.  scaled to drive this load. It should be noted that these baseband
Thus, the efficiency is directly proportional #.g, in other buffers must supply 900-MHz currents into the polyphase filter
words to the square-root of output power. This trend is cleardlgrough the mixers.

a smaller drive will not sufficiently use the FET's availabl
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Fig. 28. Photo of chip mounted in TQFP.

the OFF power- control switches in the PA core. As described
below, a satisfactory isolation is achieved in practice. There
are no series RF switches in the transceiver; all the switching
is on the supply currents and bias lines.

() V. EXPERIMENTAL RESULTS

Fig. 27. RF buffers following polyphase filter. (a) First buffer separately ] S . .
amplifies I and @ channels and drives receive mixers as well as second The transceiver Chlp is mounted in a standard 148-pin

buffer in transmitter. (b) Second buffer finally combineand @ channels to ceramic thin quad flat pack (TQFP), designed for use with
select single sideband and drives PA. large digital IC’s. Ground bondwires are attached to the
grounded metallized paddle in the cavity, while signal and
Following the upconversion mixers and the RC polyphasaipply bondwires span an average length of about 5 mm from
filter, other buffers are required to drive the power amplifighe chip boundary to the traces on the package (Fig. 28). All
and the receiver's downconversion mixers. As the modulatéfalog circuits are balanced, and bondwire inductance is of
signal after the mixers lies in the 915-MHz band, these buffen® concern for those circuits operating at a constant current.
must be RF circuits (Fig. 27). The first buffer consists dfor differential circuits which do not operate at constant
two common-source stages with inductor loads, which directyrrent, only the second harmonic flows through the bondwire
distribute the upconverted frequency-hopped sinewave to thductance to produce a common-mode fluctuation, which the
receiver mixers. Then through additional source followers thégxt balanced stage rejects. The bondwire inductance at the
also drive the PA in the transmitter. When the transceiv&F signal pads in the receiver and the transmitter is absorbed
duplexes from transmit to receive mode, the supply to the&@o the respective matching networks.
source followers is switched off with a series PMOSFET, The transmitter output spectrum is first measured with the
which isolates the frequency synthesizer from the PA. TH¥DFS synthesizing a single tone (Fig. 29). There is no RF
buffers equally load the four output nodes of the polyphaddier in this measurement. When the DAC operates at the
filter and thereby preserve quadrature accuracy. Note tigsigned full-scale voltage of 1 Vptp, the largest spurious
the two quadrature paths are so far entirely separate in thge in the output spectrum is a0 dBc, consistent with the
transmitter. They now combine in a second-stage buffégsults obtained from the DAC alone (Fig. 7) [19]. However,
consisting of a differential differencing amplifier with inductodc offset in the DAC output buffers produces a relatively
loads, and here one sideband is finally selected (Fig. 2iBrge LO leakage at-30 dBc. The magnitude of the dc
By inverting the polarity of theR digital output, the DDFS offset voltage may be deduced from the spectrum. The desired
controls whether this is the upper or lower sideband. Th#deband of the upconverted tone adds in phase at the output
second-stage buffer is the driver stage to the array of FET§ the quadrature mixer, but the upconverted offsets add in
in the PA. guadrature. Therefore, as this is a typical LO leakage across
When the transmitter turns off, ideally the PA output shoulgeveral samples, it may be deduced that
fall to zero. All the PFET's in the PA (Fig. 24) are turned V2o (V) " )
OFF in receive mode to better isolate the PA output. Thus, ~=>"2%7 =102 =10"'° = o(V,,) = 22 mV.
while the DDFS/DAC supplies a frequency-hopped LO to the Vs
receive mixers, it encounters two stages of isolation to the Fecall from Section 1lI-D that Monte Carlo simulations predict
output: the OFF power supply switch in the first buffer and sigma of 16 mV. One way to lower the relative spurious
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- i 1 |
70 Fig. 30. lllustrating how harmonics and image frequencies appear at the
-80 baseband DAC output. These are upconverted in the transmitter, and depend-
825 835 845 855 865 ing on their phases, are selected as upper or lower sidebands.
Frequency, MHz
Fig. 29. Measured transmitter output with a single tone, at two differen } T ’ T l
DAC reference voltages. Harmonics and LO leakage are shown. The DAC 10
designed for a 1 Vptp full-scale. ( Ty lock with dith 2VDACFS
0 —Flockw/odlther —CoF with dither —— 80 MHz dlock—
tone at the LO frequency is to raise the full-scale voltagn,g 10 ~ 7

of the DAC, which increases the sinewave amplitude withoL™@ -20
affecting the offsets. When doubled to 2 V, the LO leakag's 3¢
is indeed measured to be 6 dB lower. However, the variol &
other harmonics rise substantially (Fig. 29). For instance, trg
fith harmonic now grows to almost the same level as theg 50
LO leakage. This measurement verifies what may well hav® -60
been expected in advance, that when the DAC is overdrive 4,

its spurious-free dynamic range rapidly deteriorates. Fig. 3 810 820 830 840 850 860 870 880 890 900 910

-40

shows how the various .hlgh—order. harmomcg in a samplg( Frequency, MHz
data waveform and its images will appear in the Nyquist
band. Fig. 31. Measured transmitter output with a single-tone, with and without

The synthesized waveform with the DAC full-scale set tghe"ing on the LSB output of the DDFS.
2 V is advantageous for the transmitter because it doubles the
drive to the PA and leads to a higher transmitted output power.The most important evaluation of the transmitter is with
Also, the in-band spurious tones at40 dBc are tolerable frequency hopping enabled, when it operates as in the intended
in the transmitted output spectrum. However, this spuriougse. These measurements are now discussed. The DDFS is
laden waveform is unacceptable as the dehopping receib@pped at a 20-kHz rate to produce a spread-spectrum covering
LO, because every large spur may downconvert some neathg upper half of the ISM band, 912 to 922 MHz (Fig. 32). The
channel onto the desired channel. In fact, in the worst cafast set of measurements is with the DAC full-scale setto 2 V.
when the channel hops to the edge of the ISM band, somkhough this is twice as high as the rated full-scale voltage of
spur may downconvert a very strong narrowband non-ISNhe DAC, it is found that the specified peak RF output power
band channel, such as paging transmissions situated at 8193 dBm cannot be achieved otherwise. This implies that
MHz (Fig. 2). This means that the demands on spectral puriyring design, the gain in the transmitter following the DAC
in the hopping transmitted signal are vastly different than iwas incorrectly overestimated by 6 dB. There is no RF filter
the dehopping receiver LO. The solution finally adopted asbe&tween the transmitter and the spectrum analyzer during this
compromise in this transceiver is described later. measurement. The image-reject mixer suppresses the unwanted

Upconverted thermal noise in the DAC buffer sets the nois&deband by 42 dB, and the various other spurious tones lie
floor at the PA output. The simulated buffer output noise &t or below this level. When the DAC full-scale is lowered
18 nVA/Hz. With the PA set at maximum output level, theo its designed value of 1 V, the peak output power falls by
subsequent stages amplify this noise by 10 dB to produce aB, but with the exception of the LO leakage, the various
noise floor of—132 dBm/Hz in the 532 load. The measured spurious tones fall by 20 dB! In other words, the spectral purity
noise floor is—134 dBm/Hz (Fig. 29). improves dramatically. The harmonic levels and spurious tones

A dither function enabled by a control bit is built into theare consistent with measurements on the individual building
DDFS. The effect of an LSB dither on the DDFS output oblocks. Setting aside for a moment the matter of LO leakage,
the output spectrum was experimentally investigated. On thve may conclude that this frequency-hopped transmitter is
whole this is not beneficial (Fig. 31), because dither is found tmpable of delivering a signal-to-spurious ratio of about 53
create many more spurious tones without measurably loweridB at a lower than rated output power. To produce the rated
their average level. output power with the same spectral purity, the transmitter
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10 LO-1
. DACFS=1V| %
I NI
£ RF filter attenuates |{—f ISM Band 7000 ~200Q -
2 -10 further by 16 dB | FS
= [ I | -+ :
2 20 | Unwanted SB LO leak | = we T
5. || 1 -
30 ! il . . . .
(@) [ Yl n_n,fw\‘ J ¥ 1{\}. Fig. 33. The gain in quadrature mixer channels is well-matched because of
<C 40 1 ! the large and well-matched source resistors, and as a result of the large LO
o - 1 IDAC FS=2V signal applied at the gates of the FET's.
-50
60 path, which samples the dc component at the mixer input with
) an offset-compensated amplifier and corrects it at the DAC
850 865 gﬁoe ue?‘Igcs MI9-|120 925 240 output. If the RF oscillator is positioned outside the ISM band,
q Yi the DDFS/DAC must produce a baseband spread-spectrum
0 which is dc-free. The loop removing offsets will therefore not
o) ) A remove valuable signal spectrum.
T -2 RF Prefilter Response | It is also remarkable that the image-rejection mixer sup-
b I I I N | presses the unwanted sideband by 55 dB (Fig. 32). As dis-
850 865 880 895 910 925 940 cussed earlier, the RC polyphase filter cannot suppress the
Frequency, MHz effect of random errors in gain between theand @ mixer

channels or departures from quadrature phases of the LO.
Fig. 32. Measured transmitter output spectrum with frequency-hopp®fith reference to Fig. 16, this implies that in this mixer the
spread-spectrgm.Output spectra are compared at two DAC fuII-scaIe_voItqgiﬂ%ase error from quadrature is ©.2r less, and the gain
Shown below is the measured frequency response of the RF transmitter filer, . .
which will shape the transmitter output. mismatch between the mixer channels is 0.03 dB (0.3%) or

less. The phase accuracy may be attributed to the oscillator

used here (Fig. 19), which inherently yields very precise
needs another 6 dB of gain, perhaps distributed between Higadrature phases, insensitive to small imbalances in the four
baseband and the RF sections. For instance, another stageresonant circuits. To understand how gain matching is
might be added to the power amplifier array (Fig. 24) tachieved, consider a simplified circuit diagram of the image-
raise the output power by 6 dB. It should be noted that masitippression mixer (Fig. 33). In the absence of phase errors,
integrated transmitters supply an RF output power of onlyifthe amplitudes of the two currents are exactly equal, the
dBm, which then drives an external power amp module. Bghage will be completely suppressed. The baseband signals are
comparison, it is much more exacting to develop the requirggoduced by two differential pairs whose transconductances
+13 dBm (20< more power) on this transmitter IC. are well-matched by the polysilicon degeneration resistors

Let us now turn to the issue of LO leakage in the transmitt@Fig. 11). These buffers present an output resistance of 700
output spectrum. Although the signal hops in frequency, ti§g also set by well-matched polysilicon resistor loads. By
LO leakage is static. Even with the DAC full-scale set to #lominating the mixer FET ON resistance of about Z00
V, LO leakage concentrates at a single frequency with a lewlkse resistors mask any mismatch in the FET resistance. This
of —40 dBc. This is unacceptably high. However, if the Rimismatch mainly arises from fluctuations in average inversion
oscillator is tuned to a frequendyelow the ISM band (the layer mobility in the two FET's; the effect of threshold voltage
reader may have noticed that in the measurements presemtésiatch is not felt as seriously because of the large LO drive
here, it is tuned to 887 MHz, 15 MHz below the ISM band)at the mixer FET gates.
and the DDFS/DAC is clocked faster to synthestzgher Yet another practical concern in a transmitter is frequency
frequency sinewaves (in this case, higher by 15 MHz), thgulling. This arises from inevitable interactions between the
the LO leakage will fall in the transition band of the RF filtelarge PA output and the LO, for instance because of finite
at the transmitter output and be attenuated. The RF filter ugederse isolation in the upconversion mixers, or through stray
in this transceiver attenuates signals 15 MHz into the transitiabupling on the transceiver board between the PA output pins
band by 16 dB (Fig. 32). This pushes down the radiated L&hd the LO’s external resonator (Fig. 34). It is particularly
leakage to—56 dBc and satisfies FCC requirements. of concern in time-division duplexed (TDD) systems, where
Another way to lower LO leakage is to suppress the dapid duplexing at the frame rate can throw the local oscillator

offsets appearing at the mixer inputs. It is not practical tout of the PLL lock range. This parasitic effect is measured in
do so with series on-chip coupling capacitors, because, firstis transmitter by switching the PA output from minimum to
this requires a very large capacitor, and second, the signaximum and then noting the steady-state shift in frequency
would suffer an unacceptable voltage division between thi$ the unlockedRF oscillator. The free-running frequency is
capacitor and its bottom-plate parasitic to ground. A mogaulled by only 200 kHz, or 220 parts-per-million. The PLL
practical solution is to use a dc nulling loop outside the signlzicking the oscillator can easily correct this. In fact, as the
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very weak signal of-92 dBm is found here, whose spectrum
is identical to the LO port drive at the receive mixers. Most
likely this couples into the LNA by reverse leakage through
the receive mixers. However, direct coupling through the leaky
transmitter cannot be ruled out, nor coupling through the
substrate. In any event, this signal will enter the LNA and
always self-downconvert to dc, because it is at exactly the
same instantaneous frequency as the dehopping LO applied to
the mixer. Now, as described in the companion paper [40],
Fig. 34. Parasitic coupling from the PA to the transmitter LO causes frgna receiver is designed to tolerate a large dc offset, so this
guency pulling when the transmitter turns on and off. L . . . . .

parasitic coupling into the receiver input does not compromise
its dynamic range.

Pwr Cntrl

{
>

BPF

DDFS

VI.

A transceiver architecture is described for frequency-hopped
communications which exploits the mixed analog—digital ca-
pabilities of CMOS in various important ways. The hopping
frequency is synthesized at baseband in a digital circuit. A
glitch-free DAC, which exploits the sample-and-hold proper-
ties of CMQOS, converts this into an analog waveform. An LO,
which need only produce a fixed frequency with low phase
noise, upconverts the hopped waveform to the 902—928 MHz
ISM band. The FET’s insulating gate allows a large amplitude
of oscillation, which is key to lowering close-in phase noise.
The power amplifier exploits digital switch selection for power
Fig. 35. Various paths through which the synthesizer output couples into ®@ntrol, and again the FET insulating gate is important in
receiver front-end. achieving good efficiency. These various instances illustrate
a comprehensive CMOS-oriented design approach to wireless

transceiver uses only a fixed-frequency oscillator, the Pl_tr_ansn][lrt]ter _de&g;‘\. t feat f this fully int ted hi
bandwidth is designed to suppress frequency pulling and tthéAtno er tlrzn[;)orliam (Ta ure o | Istx; y mdegrade arfc -
close-in phase noise. This small frequency pulling is mainly cture 1S hat all analog signals apalanced, and as far

result of the fully differential transceiver design, which rejectgS possible they are maintainedgoadrature phases, which

most parasitic interactions as common-mode. It is also due'?omade use of to cancel several unwanted frequencies. We

the fully integrated LO which, aside from the heavily fiItere&onjeCture that this approach glso significantly lowers parasjtic
control voltage line from the external PLL, does not intera ffects such as frequency pulling, which handicap the practical

; : . . f wireless transceivers.
with any external components which are liable to pick up stréﬂfe 0 . SR . .
signals on the transceiver board. The following paper in this issue [40] describes details of the

The signal leaking through the shut-off transmitter, whiIBhySiCal packaging of the transceiver IC, power consumption

the transceiver is in receive mode, is also measured (Fig. 3P .the various blocks, "’?”d other aspects of integrating the
rlir nsmitter with the receiver on a common substrate.

This tests the degree to which turning OFF the PA buffer a
the power amplifier FET’s isolates the frequency synthesizer

DIscussION

output from leaking into the antenna. The main concern here
is that if this residual emission from the PA couples into thgy)
LNA input via parasitic paths in the IC substrate, or through2l
the capacitance between the PA output and LNA input pins on
the IC package, it may overwhelm the weak signal of interegg]
being received at the antenna. Also of concern is the practicil
matter that when it is in OFF mode, a transmitter must not
emit a signal. (5]
The measured transmit output power level drops by 65 dB
from its maximum value when the PA and its buffer are turneqg;
OFF. During receive mode, therefore, the transmitter emits a
low-level signal on the order o£50 dBm into the antenna.
The next question is: how much of this unwanted emission
couples into the receiver input? To ascertain this, the signéd!
appearing at the antenna side of the receiver balun, with the
antennadisconnected, is measured on a spectrum analyzer. A
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