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A Low-\oltage 5.1-5.8-GHz Image-Reject Receiver
with Wide Dynamic Range

James P. Maligeorgos and John R. Loktgmber, IEEE

Abstract—A monolithic 5-6-GHz band receiver, consisting of 8 ppase Tuning >
differential preamplifier, dual doubly balanced mixers, cascaded Tridfilar
injection-locked frequency doublers, and a quadrature local oscil- Preseect | Lna  Xfrmr S ‘Q
lator generator and prescaler, realizes over 45 dB of image-rejec- Rf 22 [gp LO ?,2 L S5 1F
tion in a mature 25-GHz silicon bipolar technology. The measured Input Hybrid utput
single sideband (5(2) noise figure is 5.1 dB with an 1IP3 of —4.5 ¥
dBm and 17-dB conversion gain at5.3 GHz. Th&.9 x 1.2 mm? IC A
is packaged in a standard 32-pin ceramic quad flatpack and con-  oft.chip Tank
sumes less than 50 mW from a 2.2-V supply. or Osc. in () | X2 [ X2
Index Terms—tmage-reject mixing, low-noise amplifiers, 2 ’o'uxpmo PLL

low-power design, low voltage design, RFIC design, simultaneous

noise/power matching, wireless receivers. i . .
Fig. 1. Receiver front-end block diagram.

|. INTRODUCTION in-phase [) and quadraturecf) LO signals in the 5—-6-GHz

HE SUCCESS of cellular telephony and the Interndtand. An important feature of the divider circuit is its ability to
has resulted in greater demand for high-speed wirelgssilize precise adjustments of the phase relationship betiveen
connectivity. Spectral allocations in the 5-6-GHz band off@nd@ LO components. A regenerative divide-by-two prescaler
300-400 MHz of unlicensed spectrum in many regions [1], [2{with output buffer) enables afi.o/4 output to drive external
with the potential to realize both fixed and portable wireled3LL synthesizer ICs designed for operation below 2 GHz (i.e.,
multimedia applications at data rates between 20-150 Mb¢emmercially available PLL synthesizer ICs).
Radio frequency integrated circuit (RF IC) technology is
needed to meet the aggressive cost, size, and power consump- Il. 5—6-GHz RECEIVER ARCHITECTURE

tion targets demanded by these applications. The frequency allocations for unlicensed operation in North

_ This paper describes a single-chip 5.1-5.8-GHz image-fgz, . (UN-I1) have been split into two bands: 5.15-5.35 and
ject receiver fabricated in a mature medlum-performan%g725_5_825 GHz [1], [3]. However, in Europe the HiperLAN

(25-GHz f7) 0.54:m silicon bipolar technology. Designed for . . specifies the upper band at 5.47-5.725 GHz [2]. Other
operation from a single sub-3-V supply, the receiver IC incor-

porates a fully differential low-noise preamplifier (LNA), dual.pOtem'E%I aplplll<l:at|ops I|eh|n the 5'8_5'9'(?HZ. re?ll'on, where
doubly balanced mixers, a local oscillator (LO) divide—by—twémema“ona allocations have been made for intelligent trans-

prescaler, and the active elements needed to implemen?ofgtatlon system (ITS) services using dedicated short-range

voltage-controlled oscillator (VCO). An on-chip three—filamen(f‘ommumcat'.ons [3]. The objective fqr thiswork is a monol|th|c
p . . Implementation that covers the entire 5-6-GHz band in order
(trifilar) transformer couples the LNA and mixers, aIIowmq

improved gain and linearity and lower overall noise figure and widen the scope of applications for the IC.

. . . Fig. 1 shows a block diagram of the receiver RF IC. The

power consumption compared to conventional IC designs. A = L o : .
. ) functions indicated within the bounded region have been im-
new technique for low-power regenerative frequency doublin

e . emented on-chip. Balanced circuitry is used throughout the
multiplies the LO reference source by a factor of either two s 2 .
) - o to reduce crosstalk between the circuit blocks. This doubles
four. A companion analog divide-by-two or frequency divide

circuit is desianed for low-voltage operation and enerat{he power consumption for many of the circuit functions (e.g.,
9 ge op 9 E?\IA) compared to conventional single-ended realizations, and
therefore low-voltage circuit topologies are emphasized to con-
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Fig. 2. Conventional heterodyne receiver IC front-end.
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parasitic absorption, and allows operation at supply voltages ¢

g
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low as 0.9 V. This topology has been described previously in [S % IF 80dB

and [6]. A standard 32-pin quad flatpack (QFP) was selected t Filter

package the IC to reduce costs at the expense of larger parasit \V4 ool sl ol

at 5-6 GHz (e.g., lead and bondwire inductances). 001 .01 1 1
Quadrature (D and 90 phased) LO signals are required to Te Demodulator Amplitude Balance, in dB

drive the doubly balanced mixers. The divide-by-two circuit in (@) (b)

Fig. 1 generates the_s_e tWO LO_phases. The double-frequepgy 3. image-reject (Hartley) receiver front-end. (a) Hartley receiver
drive signal for the divider is derived from cascaded frequendgwnconverter. (b) Image rejection versus amplitude and phase errors in

doublers. The fundamental LO is multiplied by 4 and then dfi#adrature signals.

vided by 2, for a nek 2 multiply (e.g., a 2.75-GHz LO is scaled

to 5.5-GHzI and @ signals at the mixer LO inputs). A cas- An alternative to electronic filtering is image-reject down-
cade of multipliers allows the option of using a single muleonversion (see Fig. 3), which is the method chosen for this
tiply-by-two followed by the divider to service the 2.4-GHzwork. A preselect filter bandlimits the spectral input to the LNA
ISM band. Thus, this LO scheme could service both 2.4 atal help prevent overloading or desensitization and suppresses
5-6-GHz bands. However, this option was not pursued for thisit-of-band interferers. It also provides some rejection of the
work. Note that only the active devices for the VCO are implémage if the receiver is designed to have a first IF greater than the

mented on-chip. width of the preselect filter's passband. The filtered RF signal
is then amplified by the LNA, and coupled to two downcon-
A. RF Filtering and Image Rejection verting mixers. Quadrature LO signals drive each mixer, pro-

Downconversion in a heterodyne receiver translates signélt¢ing in-phase and quadrature IF outputs. The image band
from both the “image” and RF bands to the same intermedidferejected if thel and @ mixer outputs are then summed in
frequency (IF), as both bands share the same frequency diffdpase quadrature; the resulting image suppression as a function
ence with respect to the LO. To eliminate the possibility of ifef Phase and amplitude errors between ffend@ LOs is il-
terference from the image band, image-reject (IR) filters tundigptrated in Fig. 3(b). Note that the interstage off-chip filter is
to the RF band are inserted in the signal path ahead of the mixXat longer required if the combined rejection from the preselect
as shown in Fig. 2. However, in a highly integrated receivdfter and IR mixing stages is sufficiently high. Of course, the
module the interstage IR filter introduces losses in the RF sigr@fld@ mixer outputs could also be used at baseband (as in a di-
path, adding cost, packaging complexity, and power consumet conversion receiver) by appropriate selection of the LO fre-
tion through the additional 50 interface. Off-chip fixed-fre- duency. Thus, a distinct advantage of this approach is its ability
quency filters also limit system flexibility in an open standaré® address both direct conversion and heterodyne architectures.
environment. In addition, a 5-6-GHz band receiver operating at , )

MB/s data rates will likely require a much wider IF bandwidt- Quadrature Signal Generation
than today’s 2.4-GHz ISM band systems. Quadrature LO signals are often generated using a digital di-

Monolithic techniques, such as VCO tracking notch filtergide-by-two flip-flop [9] or anRC polyphase network [11] in
[71, [8], image-reject or single-sideband mixing [9], and directsystems where the quadrature LO cannot be directly obtained
conversion [10] receivers do not require the interstage IR filtdrom the VCO. For 40 dB of image rejection, the phase and am-
However, the complexity in implementation must be weighegalitude errors must be controlled to withif &nd 0.1 dB, respec-
against other constraints such as cost and performance. Fort®ely, over the entire range of input frequencies [see Fig. 3(b)].
ample, a fully differential receiver employing tracking notch fil-A regenerative frequency divider (analog divide-by-two) with
ters was recently reported by Copeland [8]. This design usesdadrature outputs [12] was selected for this design. Compared
monolithic inductors (excluding VCO) and therefore requiresta anRCpolyphase filter (for quadrature signal generation), the
relatively large chip area (approximately 4 fimin addition, regenerative technique is less susceptible to process gradients
a high IF on the order of 1 GHz is used to separate the RF aad tolerances, requires less chip area, provides signal gain, and
image bands to prevent the notch filter from attenuating the d&ffords precision phase tuning control over about one octave in
sired RF signal. frequency. The analog method of division is preferred over the
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Cc Regenerative frequency doubling has a number of proper-
fin+> I ® 9 ties which make it suitable for monolithic integration. First, the
->— output amplitude is almost independent of the input signal level.

I Also, regenerative circuits are power efficient and can provide
I :fout =2f, substantial gain at high frequencies (approaching the transistor
(';c fr/2). In addition, a very wide locking range (over an octave)

is possible with low levels of input signal drive as the oscil-
lator is locked in its fundamental mode rather than at a subhar-
Vee o - Veeo | monic. The low impedance outputs (at the emitters) have good
signal-driving capability. The circuit is also relatively compact
because inductors are not required. Finally, the output signal has
C. J low spurious content and does not require filtering, and multi-
+> Ci: M‘f__‘-"z;l-l Lr.fa_ Q4 plier stages can be cascaded to realize higher orders of multipli-
——1} cation without the need for interstage filtering.

Resistively loaded ring oscillators typically have a low
Fa . Q-factor, and so a slight phase shift in the feedback loop
h{ _tu=2fin  can significantly alter the frequency of the oscillator from its
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natural frequency. When injection locked, thand@ outputs
of the oscillator are in quadrature @@hase shifted) with a
(b) small phase error of approximatety+3°. The magnitude of

Fig. 4. Regenerative frequency doubler. (a) Block diagram. (b) Simplifiddie phase error depends on the difference between the injected
schematic diagram. and free running frequency of the oscillator, the ring oscillator

@, and as a higher order effect, the injected signal amplitude.
more common digital master—slave frequency dividers becau$ewever, the/—) outputs are not suitable for driving the
of lower power consumption and degradation in phase noiseixers directly. This is because the phase error is too large
quieter operation (less spurious content and crosstalk with otlier the image-reject mixer application, and the error is both
circuit blocks), and higher maximum operating frequency [13frequency and gain dependent.
However, using a divide-by-two method to genetaémd( sig- This error is a result of the imbalance introduced by signal
nals requires an input signal that is at least twice the frequencyimjection, which adds or subtracts phase from the oscillation at
the desired output. For a 5-6-GHz integrated receiver, this ilmnly one stage [i.e., the first stage in Fig. 4(b)] of the ring. Sig-
plies that an internally generated 10-12-GHz frequerdeihe nals at the emitter-coupled output nodes of the quadrature os-
IF) is required for either high- or low-side LO downconversiorcillator are therefore nearly’0and 180 phase shifted (within
This signal is generated from a lower frequency source throughbproximately+6°). Together they comprise a differential dou-

the use of a monolithic frequency doubling circuit. bled-frequency output pair with a small common-mode signal
component. For a%error, the common-mode signal is approx-
C. Frequency Doubler imately 20 dB below the differential signal.

There are a number of IC-compatible frequency doubling cir-
cuits available [14]-[17]. A new regenerative frequency dou-
bling technique [18] is shown in Fig. 4. It is essentially a two-
stage quadrature ring oscillator, which is coupled throtigo The receiver RF IC is can be subdivided into two main blocks.
an input signal (i.e.f;,). The fundamental frequency of the osThe first block is the RF downconverter consisting of LNA,
cillator is synchronized tq’, by injection locking [19]. Each coupling transformer and balanced mixers (see Fig. 1). The re-
of the differential amplifiers is a simple emitter-coupled differmaining circuitry generates the quadratufe®) LO signals
ential pair with resistive loads. The nonlinear characteristic okeded to drive each mixer.
the differential pair produces a strong double-frequency compo-A block diagram of the subsystem used to generatd Hig
nent at the emitter-coupled node when the circuit is driven large©s used for downconversion is shown in Fig. 5. The first fre-
signal. At high frequencies (i.e» f7/10), the transistor para- quency-doubling stage is a four-stage ring oscillator that is in-
sitics attenuate higher harmonics so that the collector voltajgetion locked to the LO input signal at a frequencyfgf /2.
is predominantly sinusoidal. The double-frequenzy.() dif- The doubled-frequency differential output Ato is extracted
ferential signal is extracted across the emitter nodes of the tivom two emitter-coupled nodes at opposite (and quadrature)
amplifiers in the ring [see Fig. 4(b)]. Thet” and “—” outputs sides of the first stage (see the detailed schematic in Fig. 6).
are antiphase because the fully differential inputs to each aifiie f1o differential signal is then fed to the next stage of fre-
plifier stage are held close to quadrature phase (ifean@d 90 quency doubling via a buffering amplifier. This increases the
phase, respectively) by the ring topology. Capacitive couplingiajection-locking range of the second frequency doubler by in-
the input allows the oscillator to maintain a stable dc bias poiateasing the amplitude of the injected signal. The buffer also im-
through negative feedback and high dc gain. The common maateves the isolation between the two regenerative doubler stages
or fundamental component &, is suppressed from couplingand prevents the possibility of unintentionally locking the first
efficiently to the output by the balanced topology. stage to the second one.

I1l. CIRcUIT DESCRIPTION
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Fig. 6. Four-stage (first) frequency doubler.

A. First Doubler Stage twice the free-running frequency of the preceding stage (i.e.,

A schematic of the first frequency doubler circuit is showrﬁ“s'5 GHz). This second stage of doubling provides an output

in Fig. 6. Polysilicon resistors load8, through R are used at2f1.o (or four times the input to the first doubling stage) when

in conjunction with their parasitic capacitancés,) to set the Iocllged.? i h df doubler in the LO sub
dominant pole for each amplifier in the ring. The parasitic ca- . |Tustratest € secor:j brequencyf oublerin t. € Lo sub-
pacitances(,) of the poly resistors vary proportionally with re-SyStem. Two stages are used because a four-stage ring consumes

sistor area, thereby allowing their value to be controlled throu%){cesswe power and cannot operate at 5-6 GHz. Collector re-

layout. It should also be noted that resistors greater than m Storsk;—E, are shown as segmented resistors in Fig. 7 to il
strate the distributed nature of parasitic capacitaricdn the

imum width are less susceptible to fabrication tolerances. Th '6-GHz band i ¢ " the load | h
the process variation of the resistors is reduced and explicit ¢a- ff tZ afn » parasl |c(;et?]c ar;ces In the loa ts aref OWten?cL:ﬁ
pacitor loads are not required. The use of a four-stage ring [g.aftect performance and therefore an accurate estimate of the

stead of a two-stage ring allows the doubled frequency siglﬁ time constant for the load is necessary. With a singbec-

to be extracted from the emitter-coupled node€)8£Q4 and tion to model the entire resistor, one-half of the total parasitic ca-
opposite pail);—Qs rather than directly from the emitter—cou—p";u_:'tar_1Ce for each coIIec'For_Io_ad IS §hunted toac groh’a@_}.
pled node of the input transistord,—Qs. If a single-ended This gives an overly optimistic estimate of the loop gain for

input source is used for injection, this topology will improve théhe nng _oscnlator a”F’,a” |ncor.rect frge-rgnmng frequency. To
vﬁpld this, the parasitic capacitance is distributed across mul-

suppression of the fundamental signal at the output due to ﬁ‘l . M
PP g P e w-sections, as shown in Fig. 7. For values less thaf1 k

common-mode rejection ratio provided by the first stage i.é'.? e ) . : :
) P y ge ( as in this design), a series connection of thremodels is suf-

1—(Q)3). Resistordiy—R; - increase the real output impedance™ " . N
of each bias current source at high frequencies and increase 'llﬂ nt to model the effect of parasitic capacitance distributed

common-mode rejection of each stage. along the res!stor s length up to 6.GHZ' . .
In order to increase the loop gain of the oscillator, the domi-

nant pole of the amplifying stages is set as high as possible by re-
ducing the parasitic capacitance at the collector nodes, while ad-
The second frequency doubler in the system (from Fig. 8jtional (and much needed) phase lag is introduced in the feed-
is implemented using a two-stage differential ring oscillator idack path of the loop of the oscillator using B delay line
jection locked tofy.o. Its free-running frequency is centered atonsisting of resistor&;—ERs. Low-pass filtering caused by the

B. Second Doubler Stage
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Fig. 8. Frequency divider with—() outputs and phase tuning.

parasitic capacitance of these series-connected resistors (wistgyes in a ring oscillator configuration. Differential p@y—(Js
is determined by their area) lowers the free-running frequencgnverts the2 f o input voltage to a differential current which
with little degradation in the loop gain. synchronizes the ring oscillatap(—Q.) to the input signal. The
input differential pair Q5—(s) also isolates the divider from the
preceding stages. ResistdRg and R;; isolate the2LLO input
from the parasitics of bias transist@ps andQg. The divided!

Again referring to Fig. 5, the f1.o signal provided by the and@ outputs atf; o are buffered by differential amplifiers and
second doubling stage (at10-12 GHz) is divided into accu- then ac coupled to the inputs of the mixer quads.
rate/ and@ signals by a two-stage regenerative frequency di- The time delays through each stage of the divider are well
vider. The two-stage doubler and two-stage divider used heratched, resulting in quadrature output signals with less than
are virtually identical ring oscillators running at the same fur® of phase error throughout its frequency locking range, which
damental frequency~5—-6 GHz). The two circuits are coupledis approximately one octave. By disturbing the symmetry of the
by the input differential pair to the divide€); and()s in Fig. 8). ring oscillator in a controlled manner, the phase angle between
The two-stage doubler (Fig. 7) is asymmetrically driven, leadingand( outputs can be altered. Since the frequency of the oscil-
to small/— phase errors (less than approximately. How- lator is fixed by the injection locking of the circuit to tlg.o
ever, the divider is symmetrically driven by24; o signal in- input signal, only the phase relationship between the outputs
jected differentially into its emitter-coupled nodes. Due to thisan be changed. Note that the amplitude is determined by the
symmetry, thel and@ outputs of the divider remain in quadra-maximum output swing of the differential amplifier stages. In
ture (i.e., 90 phase-shifted), with an error of less than 1 this way, the phase relationship betwdesind( LO outputs is

Fig. 8 shows a schematic diagram of the frequency dividemed. A convenient way of adjusting the symmetry of this cir-
used to generaté and @ LO signals for the downconverting cuit is to (differentially) alter the bias currents @f and Q.
mixers. The circuit consists of cascaded differential amplifi@this increases the phase delay of one output of the input pair

C. I-() Regenerative Divider and Prescaler



1922 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 12, DECEMBER 2000

N N
IF ﬂ Cr Cr IF Cr Cr IF

e ———— '+ 'Fo+——|Tu— Q-

ooj—-tooj—l ocLEl—QQ +
LO +>—|—§_34 5 g |‘K7 8{9 10, LO

T1 (4:1:1)

RFin 4

Fig. 9. RF downconverter schematic diagram.

while reducing delay through the other. Note that diode-con-
nected transistor§,; and@s (shown in Fig. 8) bias each stage
of the divider. The bias currents throu@h and(}¢ are therefore
isolated from each other but are referenced back to a common
reference sourcel{). The simple potentiometer shown in the

figure illustrates how the bias currents (and hehe€@ phase) o f;" 1
were altered in testing. It is proposed that this method of phase s (si'lgﬁdgfﬁ' ,
control could be implemented monolithically with a simple cur- 1=

rent-biasing digital-to-analog converter.

The prescaler is identical to the frequency divider shown in
Fig. 8 except that the component values are altered to lower
free-running frequency tgr.o/4. Note that for the prescaler,
only one of the divider outputs is required. The output of th~

prescaler is buffered by an open collector differential amplifie| @ 8-turn, narrow primary (4:1:1, drawn)
which consumes 4 mW of power. W _4-turn, uniform winding (2:1:1)

800.0{
D. RF Downconverter o \

A complete circuit schematic of the RF signal path is show £ 600.0 \\

in Fig. 9. The off-chip matching, bias and quadrature-combinin é \-\
networks at the IF ports used in testing and evaluation of tt g N
IC performance are not shown on the schematic for simplicit § 400.0
Parasitics for the 32-pin package were accounted for in the ¢ % — \.
sign. The topology used for the RF section is similar to the & 200.0 \-\\.\
described in [5], [6], however, there are significant difference § ) —
in this design. First, a new fully monolithic interstage coupling 3
transformer with a noninteger turns ratio is designed to increa 0.0
the overall preamplifier gain and improve coupling efficiency 1.0 2.0 3.0 4.0 5.0
Also, given the narrow operating margin for the receiver in thi Mixer Bias Current, in mA

technology (i.e.fr/ frr is less than 5), the transistor sizes, de- ®)
generation inductance, and transformer parameters are carefully

selected to maximize dynamic range (i.e., minimum noise ﬁguﬁg. 10. Monolithic transformer. (a) Physical layout. (b) Resistance seen at the
with a high input intercept), improve the input match, and mirf MY (= 5.5 GHz).

imize power consumption in a standard IC package.

T; is a fully symmetric monolithic transformer design [20jmpedance reflected from the secondary to the primary winding
which acts as an interstage coupling circuit and also feeds afdhe transformer must be on the order of 300—#0ger side.
bias to the LNA and mixers. In order to realize 15-dB LNAThis was realized by designing a noninteger turns ratio trans-
gain above 5 GHz with a few milliamperes of bias current, tHermer with minimal parasitic loading. The shunt parasitics ap-
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pear in parallel with the reflected impedance, thereby limitin Vee

the impedance seen at the primary terminals. The turns ratic Test fixture

4:1:1 as drawn in the pfsical layout [see Fig. 10(a)]. How- Vbiasge Vee otap

ever, the primary winding has a narrower line width than th 180° ah 90°
secondaries, which results in a step-up factor in addition to tiRFin| 1800 il Pkgd IFo_lgaiun 90° io“t
geometric turns ratio. The final design consists of eight turr ~  [Hybrid|0° IC I, Barun) 0° | Hybrid

of 5 and 10zm-wide Al top-level metal with a metal-to-metal otap

spacing of 3:m, measures 300m on a side, and has three ports; Vbiasgr Byee

one on t_he primary (LNA) side gnd tyvo for the mixing quads FQPhase 3 | D1o ~vee 3 Amplitude
DC bias is fed to the LNA and mixer circuits via the center taps Adjust FL 9 Source Adjust

A program written to simulate the behavior of arbitrary config = = =
urations of microstrip lines on silicon [21] was used to extract _ _ _

a SPICE model for the transformer, which was used in circyjitg: 11 Experimental test configuration.
simulations of the RF path.

The doubly balanced mixer§)g—Q1o in Fig. 9) consist of
four-transistor Gilbert-type switching quads. The impedan
seen at the common-emitter side of the switching quad =
proportional to the transconductance of bipolar junction tra
sistors (BJTSs) in the quad. Hence, the bias current is selecte@ 2=
provide the desired load impedance for the preamplifier wh
reflected from secondary to the primary side of the transform . 3
The load resistance at the transformer primary as a function§ - =
the mixer bias current is plotted in Fig. 10(b). A resistance le _RF}—' =7
than 300X is seen at the primary for2: 1 : 1turns ratio design ,
(four turns of 8m-wide top-level metal with a metal-to-metaliz*
spacing of 2.8&:m, measuring 27xm on each side). The load
impedance increases to above 60@hen the geometric turns
ratio is increased (i.e4:1:1 layout) and a narrower width
primary winding are used. However, the improvement is le
than predicted by the change in turns ratio (due to parasitic
losses) and is limited to about a factor of three. A photomicrograph of the receiver RF IC is shown in Fig. 12.

The preamplifier stage consists of transist@ys and ¢, The main circuit blocks are highlighted and annotated on the
(from Fig. 9), which are driven differentially from the RFfigure. The overall die size i$.9 x 1.2 mm?, which includes
inputs. Differential drive improves the Q-factor of the trifilarthe bonding pads. The active area is considerably smaller, as
transformer and emitter degeneration inductor by approxixtra bondpads were added to aid in testing. Substrate coupling
mately 50% [22]. Also, the preamplifier is designed so thaietween the multiplier, divider, mixer, and LNA circuits is mini-
an impedance match at the RF input realizes both minimumized through component separation in layout, separate supply
noise figure and maximum power transfer for the stage foussing and the use of grounded wliffusion guard rings to
the load impedance seen at the transformer primary. A simiglelate the various blocks. This, in addition to the use of fully
taneous matching procedure employing both series feedbailifierential RF, LO, and IF signals, results in greater than 60 dB
from the emitter via inductor Lee and shunt feedback via th# isolation for the packaged device in the test fixture.
collector-base (i.e., Miller) capacitance is used [6]. An emitter Discrete transformer baluns with a 4: 1 turns ratio are used
area of20 x 0.5 um?* was selected after careful optimizatiorto present a differential impedance of approximately 80t
including all parasitic effects. For 5-6-GHz operation, simthe open-collector mixer outputs of the test chip. The IF baluns
ulations predicted that a noise figure of 2.2 dB and gain éfve a minimum loss of 1.3 dB at 75 MHz, thereby restricting
15 dB is realizable at a bias current of 2.5 mA per transistie IF used for measurement. A lower turns ratio discrete balun
and Lee= 0.8 nH, with a coincident noise and power matclperates at a higher IF but with a lower impedance transforma-
at the input. tion, which reduces the overall conversion gain. To compensate

for parasitic losses and mismatches, a three element matching
network was designed to match the balun output to the{p0
IV. EXPERIMENTAL RESULTS quadrature IF combiner of Fig. 11.
As can be seen in Fig. 11, potentiometers are used to ad-

The test IC was packaged in a 32-pin ceramic quad flatpagist the amplitude (via the supply voltage of one of the mixers)
(CQFP) and mounted in a custom test fixture for evaluatioand phase (via bias current of the quadrature LO frequency di-
using the configuration shown in Fig. 11. The RF and LO signaléder) in the ! and @@ paths to maximize the image rejection.
are delivered to the IC differentially via 5Q@-microstrip lines. It is proposed that in a real application, these controls would
Losses for the RF input signals (including connectors) in thme set during a self-calibration period upon startup or during
fixture are approximately 1 dB. idle times. A digital or analog tau-dither-type feedback circuit

T IFZV.T“‘H = rpem engm e .
EE--EENENGEES

gg 12. Photomicrograph of the receiver IC.
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Fig. 13. Measured single sideband phase noise of the prescaler= 2 V. The single sideband phase noise of the prescaler output is

plotted in Fig. 13. A supply voltage of 2.2 V (4.3-mW power

[23] could alternately adjust phase and amplitude controls féissipation in the prescaler) is used for the measurement. This is
maximum rejection of an internally generated test carrier in tig@nsistent with the bias conditions for the other injection-locked
image band (e.g., generated by the transceiver's up-convertéticuits in the LO system. The phase noise of the divider output
The received signal strength indicator (RSSI) found in most delosely follows the theoretical 6-dB improvement compared to
modulator systems could be used to measure image-rejectiof phase noise for the input source predicted for an ideal di-
during calibration. The phase errors in the LO were measurége-by-two. The noise floor of the analog divider is less than
at less than 0.0F1(as inferred from the measured image rejec=140 dBc (i.e., noise floor of the test instrument) with no spu-
tion) by manually following this routine. This level gt ac- rious components. From this result, it can be inferred thaf the
curacy cannot be achieved without the use of trimming, tuningd@ outputs atfro driving the downconverting mixers have
or self-calibration techniques. close to 6 dB greater phase noise than fhg/2 input carrier

The entire chain (multipliers and divider) is locked from 4the theoretical minimum), since the analog regenerative tech-
—18 dBm input (LO) signal source over the frequency rangédue used for frequency dividing in the prescaler is also used
of 1.9 to 3.2 GHz, which in turn generatéand( output sig- for frequency doubling and dividing in the LO chain.
nals for the mixers in the range from 3.8 to 6.4 GHz. The 4 The measured image rejection (IR) over a wideband using
LO frequency range that is generated and fed to the mixer di-discrete 90 quadrature IF combiner centered at 75 MHz is
vide-by-two is 7.6 to 12.8 GHz, which is greater than one-half giotted in Fig. 14. The black-shaded IR floor (i.e., lower bound
the 25-GHz transistor unity gain frequency. This very high fraon IR) shows the lowest possible IR for the’%xternal IF com-
tion of f is achieved through the use of regenerative circuitsiner employed in the test setup. This floor was calculated from
The power dissipation of the entire LO subsystem (excluding thgparameter measurements of the combiner, which characterize
optional LO prescaler) is 44 mW from a 2.2-V supply. All undeits frequency dependent phase and amplitude variations. Prior
sired harmonics, including the fundamentfld/2) input, are to computing the maximum IR, systematic phase and ampli-
suppressed by over 30 dBc in tligo output for single-ended tude offset errors are subtracted from the measured parameters
excitation, and by more than 35 dBc for a differential inputo center the maximum rejection at 75 MHz, thereby simulating
source. an ideal trim of phase and amplitude errors. The grey-shaded re-

It should be noted that the power dissipation of the LO systegion in Fig. 14 shows the lowest possible image rejection when
reported here is 11 mW higher than the 22 mW reported in [18he s-parameters of the IF combiner, transformer baluns, and
The receiver IC was modified to lower the center frequenapatching stages are considered. The vertical lines are actual
and broaden the locking bandwidth. This increase in power afieasurements of the image suppression, showing the wideband
fords an increase in the relative locking bandwidth from 26%erformance achieved experimentally. A maximum IR of ap-
(previously) to over 50%. The added margin may not be necgsoximately 80 dB is obtained at the 75-MHz center frequency.
sary for a 5—-6-GHz receiver application, but it clearly illustratebhis implies that a phase-tuning precision of better than<0.01
the ability to achieve a very wide operating range using injets achieved by adjusting— phase relationship via the fre-
tion-locking techniques. guency divider stage. Also, the measured IR is withis dB

The prescaler dissipates 1.5 mW from a (minimum) 1.5-8f the maximum IR predicted for this test setup. Discrepancies
supply and remains locked over an input frequency range lmftween the measured and expected results (i.e., vertical lines
600 MHz to 4.0 GHz (for a-6 dBm LO input signal to the and the grey-shaded region) are likely due to component varia-
IC). It should be noted that this type of regenerative divider do&iens. The grey-shaded region is estimatedsi@arameters of
not have any other dominant modes of division (other than di-single transformer balun and does not account for variations
vide-by-two) and so unpredictable mode locking to unwantdmbtween the two baluns and matching networks actually used in
harmonics is not a concern. the experimental setup.
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Fig. 15. Image rejection across the RF band for a swept RF L&.76 MHz.

TABLE |
SUMMARY OF EXPERIMENTAL MEASUREMENTS
Parameter 25 GHz fr Silicon Bipolar s?gf['::f'fg]
RF Input, GHz 5.3 5.8 5.5 5.8
VCO Input Frequency, GHz 2.6875 2.9375 2.7875 5.55 (no VCO)
IF, MHz 75 250
Supply Voltage, V 2.2 234 1.8
Conversion Gain, dB 151 14.9 17.0 14.2
Input IP3, dBm -9.4 -10.5 -4.5 -5.9
RF Input Return Loss, dB 14.0 14.6 14.3 (wafer probe)
S$SB Noise Figure (50Q), dB 5.1 6.8
LO to RF Isolation, dB 60 63
Maximum Image Rejection 80dB (tuned at center of IF) 36.5dB
implies 0.01° precision in phase
Power Dissipation, mW 44.4 I 55.0 18.5

A measurement of the image rejection was also performed[ll
with a constant IF of 75 MHz. The purpose of this test is to

measure the phase and amplitude variations of taed@ LO

current (10 mA) used for the LNA and mixers. These results
compare very favorably with those reported for similar designs
in the same technology at 1-2 GHz as well as other 5-6-GHz
designs [8], [24]-[26].

A significant improvement in both gain and linearity is real-
ized when the supply voltage is raised from 2.2 to 2.34 V. This
is due to the larger LO signal drive presented to the mixer quads
as a result of increased voltage headroom. At 2.34 V, the con-
version gain rises to 17 dB and the input intercept point (11P3)
improves by 5 dB to-4.5 dBm, while the noise figure is un-
changed.

V. CONCLUSION

A 5-6-GHz image-reject receiver IC is implemented in a
0.5um 25-GHz silicon bipolar technology that draws just
22 mA from a 2-V supply. The image rejection obtainable with
this IC (up to 80 dB) is sufficient to eliminate the off-chip
interstage RF filter in a heterodyne receiver, thereby sim-
plifying packaging requirements and decreasing costs. New
methods of regenerative frequency doublifig(? phase error
compensation, and RF interstage coupling make this design
possible. Low-voltage circuit topologies are used throughout
to minimize power consumption and ensure compatibility with
deep-submicron CMOS (baseband) application-specific inte-
grated circuits (ASICs) operating from low-voltage supplies.
The wide dynamic range and low power consumption of this
receiver IC demonstrates that silicon technology is capable
of addressing the requirements for RF interfaces in emerging
applications at 5—6 GHz.
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