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A High-Performance Si-Bipolar RF
Receilver for Digital Satellite Radio

Giovanni Cal, Giuseppe Cantone, Pietro Filoramo, Guglielmo Sirna, Piero Vita, and Giuseppe Palmisano

Abstract—An integrated low voltage RF receiver for digital are very suitable for implementing nonlinear blocks such
satellite radio is presented. It contains all the basic building as balanced modulators, phase comparators, etc., which are
blocks from the low noise amplifier (LNA) to the baseband \qy circuits in RF front-ends. Moreover, bipolar transistors

buffer and two phase-locked loops (PLL’s) which provide the . . .
RF and the intermediate frequency (IF) local oscillator signals. provide a high transconductance value that, together with the

Innovative solutions for critical blocks such as the LNA, the IF low base collector capacitance, allows both high gain and
buffer, the voltage controlled oscillator (VCO), etc., as well as new frequency stability to be achieved. Further, thanks to the
arrangements for bias circuits have been adopted which greatly special dependence of the transconductance on bias current
increase circuit performance. Moreover, 2.4-V regulated power and thermal voltage, accurate open-loop gains are achieved

supplies with power down capability have also been included. X L
The receiver needs a small number of external components that even with large temperature variations and worst case process

are principally the RF image filter and the surface acoustic wave conditions. Finally, typical values for noise figure, signal lev-
(SAW) channel filter. It achieves a maximum gain of 120 dB and els, and operating frequencies in analog sections of modern RF
a noise figure of 5 dB. The internal regulators are set to 2.4 transceivers are usually achieved with state-of-the-art CMOS

V and ensure correct operation with an external power supply ,rocesses at the expense of a higher power consumption and/or
varying from 2.7 to 5.5 V. The receiver was integrated in a high- .. .
silicon area than that of bipolar processes.

performance 20-GHz silicon bipolar technology. Its die size is 18

mm? and it needs a quiescent current of 75 mA. For these reasons, the proposed satellite receiver was de-
. . ) signed using a high-performance silicon bipolar technology.
Index Terms—3Bipolar, digital satellite, IC, low voltage, RF, 9 . g gn-p . P . gy
transceiver. The circuit is based on a dual conversion architecture with a

single IF filter. It operates on a quadrature phase-shift keying
(QPSK)-modulated signal whose minimum level is set to
l. INTRODUCTION —92 dBm. To reduce common-mode noise coming from the
HE design of integrated RF front-ends has becomesabstrate and the supply lines, a fully differential architecture
challenge in modern silicon technologies [1]. Indeedvas adopted and proper bias circuits were designed. The
today CMOS and bipolar processes are able to provide tfiéferential approach also improves stability, minimizes the
high operating frequency required in an RF front-end [2]-[13]isk of unwanted oscillation in high-gain blocks, and increases
The great interest and the widespread research effort fearity, which is a critical performance parameter in a QPSK
CMOS solutions is mainly motivated by cost reduction and tHgceiver. The circuit provides an overall gain of 120 dB and
possibility for a future system on chip. However, considering noise figure of 5 dB. It uses a fully integrated RF oscillator
today’s technologies and market needs indicating a du#fhich achieves a phase noise 89 dBc/Hz at 100 kHz
chip solution, the best system partitioning in the authorféequency offset.
opinion is associating a bipolar RF transceiver with a CMOS The bit error rate with the minimum input signal level is
circuit which can easily accommodate all the baseband analeger than 10
functions such as A/D and D/A converters as well as the
digital signal processor. To support this suggestion, a short Il. SYSTEM DESCRIPTION
comparative discussion on the performance of CMOS and
bipolar transistors is useful. A. Overall System
CMOS transistors have the inherent advantage over theifThe overall system in which the integrated RF front-end
bipolar counterparts of having better linearity, the potentialill operate is an example of a digital satellite broadcasting
for accurate baseband analog functions (especially if thedio receiver with worldwide coverage. Its main goal is to
switched capacitor approach is used), and a better capabililiver audio services to those regions of the world with low
for low-voltage and low-power digital circuits. Howeverpopulation density where a terrestrial radio network is not
bipolar transistors exhibit lower white and flicker noise andvailable. Low power consumption and minimum operating
voltage are very important requirements of the electronic
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Fig. 1. System block diagram.

intermediate frequency (IF). The IF signal after amplification
is delivered to the channel filter by a high linear IF buffer.
Due to the insertion loss of the channel filter by 23 dB, an
overall gain higher than 116 dB is required with the minimum
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input signal condition (i.e.;-92 dBm), which is 4 dB lower
than the achieved one.

A gain of 50 dB occurs from the RF input to the IF buffer
output. An overall high gain of the part of the receiver chain
positioned before the channel filter input is necessary to make

CRYSTAL
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up for its high insertion loss. This prevents the excess noise
produced by the blocks of the receiver positioned beyond the
filter in the worst condition (i.e., minimum gain of VGA) from
having considerable effect on the overall noise figure.

The RF gain is partitioned to have 20 dB in the LNA and
(TDM) streams. The satellite carriers are in the L-Ban®0 dB divided between the RF mixer and the IF buffer. This
between 1452 and 1492 MHz. gain partitioning minimizes the risk of unwanted oscillations

Three dedicated integrated circuits make up the overall radioe to the excess of RF gain.
receiver as shown in Fig. 1. Their operations are controlled byTo compensate for the input power variations, a variable
a microcontroller using arfC bus. These chips are as followsgain amplifier (VGA) was included in the receiver chain.

« The RF receiver which converts the RF signal Cominﬁinally, a second conversion and a baseband buffer provide
from an active antenna in a 2-MHz output. It uses min@ 1-V peak-to-peak signal to the channel decoder.

mum external components which are a ceramic bandpasd he receiver includes two phase-locked loops (PLL’s) for
RF filter for the image rejection and an IF surface acoustige first and second downconversion.

wave (SAW) filter for channel selection. The PLL in the first conversion includes a real on-chip
A channel decoder which includes an ana|og_t0_digitﬁynthesizer circuit; it uses a fully integrated voltage-controlled
converter, a QPSK demodulator, a signal power estim@scillator (VCO), a programmable divider, and a digital phase
tor, a TDM demultiplexer, Viterbi and Reed—Solomor$omparator.

decoders, deinterleaver and decryption circuits, and aThe technology isolation provided by a trench oxide ap-
broadcast channel selector. proach of the high-speed bipolar process used allows for the

« An MPEG decoder. implementation of multiple frequency synthesizers together

In order to guarantee a constant level at the A/D convertdfth small signal blocks. _ _
The reference oscillator, running at 14.72 MHz, is made

despite gain variations, an automatic gain control (AGC) is

included between the RF receiver and the channel decodeFP ©f an integrated active amplifier and an external quartz.
It is also used as reference in the second PLL. The VCO in

B. RF Receiver the second PLL is at 117-MHz fixed frequency and uses an

A block diagram of the proposed RF receiver is shown i@xternal inductor.
Fig. 2. It includes all the basic building blocks from the RF to
the baseband interface. The receiver transforms a 1.5-GHz RF
signal into a 2-MHz baseband signal for the channel decoder.

The first stage is a low noise amplifier (LNA) which workd®- Low Noise Amplifier
in the 1.452-1.492-GHz band. Then, the RF signal is downA schematic of the differential LNA is shown in Fig. 3 [14].
converted by a double balanced mixer to a first 115-MHzeedback is used to achieve an input resistance very close to

Fig. 2. Block diagram of the receiver.

. MAIN BLOCKS
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Fig. 3. Low noise amplifier. Fig. 4. IF buffer.

the source resistance. Thanks to this, the input impedance id0 increase linearity and provide an accurate output
well controlled and high return loss and low noise figure havepedance matching while preserving efficiency, a class AB
been achieved. feedback configuration was used. The circuit is shown in
The LNA is based on the cascode differential stgje@4 Fig. 4. It is basically a differential emitter follower stage

and is followed by the common collector®5 and Q6. ®1,Q2 in which transistorsQ3-Q6 and resistancesic
Resistance® perform a shunt-shunt feedback configuratiorRerform a feedback loop and where capacit&s provides

To increase gain while avoiding output swing reduction, punffequency compensation. The transfer gain and the output
resistancesk.4 have been included which set the bias currefi€sistance are given by

in Q1 and Q2 higher than that in the load resistandes. 1
By inspection, it is easy to find that a good approximation Ay = . ) (6)
for the differential input resistancg; is Im1.2REgms i Re
2Rp 2
Rim ——— 1 Fo=————————— 7
grnl,QRC ( ) grnl,Qgrn?)ARC ( )

where g,,,1 » is the transconductance of the emitter-coupledthere R = 2Rg; + Ry, and g,,3 4Ec is the loop gain. By
pair Q1-Q2. To provide real part impedance matchinfl; setting the loop gain to unity, (6) and (7) provide the transfer
was set equal to the differential source resistafige gain and the output resistance without feedback, respectively.
The voltage gaindy is given by Due to the reduction of the transfer gain error by the loop gain,
linearity is greatly improved. Moreover, thanks to the very
Ay = gmi2fic. (@) ow resistance at the emitter nodes @1 and Q2, accurate

Thanks to the PTAT bias current 1 and Q2, Ay is set impedance matching can easily be achieved by including poly
by the ratio between poly resistances and emitter areas, &g@istancesie; (Rp1 = 25 Q).

R; is proportional to a poly resistance. As far as power conversion efficiengys concerned, simple
Neglecting some minor high-frequency contributions, thgalculations give
noise factor is approximately given by 1 Vomax ®)
e S 7
Foy 2 Es n 1 1 " gm1,28s 3) 2Vee = Ver
o Rg Rr 2\ gn12Rs Br ) where Voumax is the maximum output level. In our design,

From it, the optimum transconductance and noise factor argomax and the power supply are 0.5 and 2.4V, respectively,

andn is approximately equal to 30%.

_VPrF () The above formula is obtained neglecting the bias current
Gmopt = Rg of @5 and (6. In normal applications, however, these currents
12  Rs 1 can be very low with respect to the overall block consumption.

Fol)t:1+_+_

Rs R * VB ®)

C. RF PLL

B. IF Buffer In the RF PLL, the phase noise requirement is mainly
The IF buffer drives the external SAW filter with a D- achieved by the fully integrated VCO, while the bandwidth
output impedance. Matching at the buffer output means 6 dfas set according to the requirement of carrier-to-spurious-
signal attenuation requiring an increase by 6 dB in both thmejection ratio (CSRR). In order to determine a design equation
gain and signal level of the IF amplifier. Therefore, giving théor CSRR, consider the loop filter in Fig. 5(a) and the current
high gain from the LNA input to the buffer input, linearity is/-p at the charge pump output in lock condition which is

a very critical requirement of the IF buffer. shown in Fig. 5(b). Time constants duefid andC1 (R1 >
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R2), R2andC1 (C1 » C2),andR2 andC2 set the dominant Vee
pole, the zero, and the second pole, respectively. The period ; é s
. ] . R2 R3 Rp R6<
of Iop is equal to the reference oscillator peridy, and the 1 Q7 VBG
average valuél sv ) of Iop equals the overall leakage current — i Vees
I1, which is due to both mismatch in the charge pump and ,, Q51 | fas RS
saturation currents in the varactor diodes. As discussed in the'o" \\L T—ov
Appendix, CSRR is R4 + b Ee
2,2¢, Re o —i ~ - “Q8
2nw=Cs
CSRR = 20log —=— 9a
%1@1 (92)

whereK is the VCO gain factory,. is the reference oscillator . -
¢ e oy a1} a2

1
a3 | s |
frequency, and,, are the harmonic amplitudes of currdity l

which are given by §R1
g nwly, =
110
_ Icp Fig. 8. \oltage regulator.
Ly = I — “FF. (9b)
Icp

hence the oscillation amplitude to the reference volt&ge
Considering the value ab,, C>, and K5, which are 5.8 To increase the oscillation amplitude, ac coupling was adopted
Mrad/s, 10 nF, and 455 Mrad/sV, respectively, and a leakatge connect the output to the input of the differential pair.
current of around 2,A, from (9a) CSRR is greater than 57 dB Moreover, to provide high rejection to low frequency spurious
The VCO of the RF PLL is shown in Fig. 6. It is based orsignals and guarantee oscillation stability with high oscillation
integrated spiral inductors and base-collector varactors [18mplitudes, ac coupling for the emitters @fl and Q2 was
[16]. The peak detector (made up &f5—Q6 and capacitor also used.
C3) together with the error amplifier perform a low frequency To overcome the limitation on the tuning range due to a
feedback loop which sets the current id3 and 4 and low percentage variation in the varactor capacitance, three
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Fig. 9. Photomicrograph of the integrated receiver.

selectable oscillators with different values of varactor capalts real and imaginary parts are given by

itance were implemented. Thanks to them, a wide frequency 2 2R,

range, even in worst case conditions, is achieved. R.[Z.]= p 1+ (WRLCL)? (10a)
The finite Q value of the inductors and the low frequency m2 0RO L

noise of the error amplifier (which is folded on the oscillation 1,.[Z.] = jw Ll (10b)

frequency) are the dominant contributions to phase noise. 1+ (WRCr)?
However, thanks to the high oscillation amplitude and an Since a small-signal model was considered, the real part of
accurate design of the low-frequency loop, a phase noise 4f is a negative conductance. It becomes zero in steady-state

—99 dBc/Hz at 100 kHz was achieved. condition (i.e., large-signal condition) due to the nonlinear
behavior of the amplifier which reduces transconductance.

CapacitorCy, in the positive-feedback amplifier is responsible

D. Reference Oscillator for the inductive imaginary part. The parasitic inductance is
Both PLL’s use the same reference oscillator shown IR S€ries to the quartz inductance and leads to a deviation of
Fig. 7. It is a differential topology with a series resonator pef'€ resonant frequency. Moreover, due to process tolerances,

formed by the quartz. The main design aspects of this circ{fi}€ "esonant frequency can only be partially compensated by

were suppression of multiple high-frequency resonances d@hd@/oPer cut of the quartz. , .
reduction of the parasitic inductance due to capaditgrand The way to reduce the parasitic inductance while preserving
the positive feedback. loop gain and spurious attenuation is by reducikg and

In order to avoid multiple resonances, capacifgrwas in- ncreasing both currents; and capacitoC’z.. In our design,
cluded which reduces the loop gain to below 0 dB at undesirlif effect of the parasitic inductance was kept lower than

resonant frequencies. Indeed, the loop gain transfer functigh PPM-

at resonance is a low-pass filter whose cutoff frequency is set
by Cr, and Ry. E. Voltage Regulator

To evaluate the parasitic inductance, let us consider theAs mentioned before, the receiver uses internal voltage reg-
differential impedancez, at the emitter nodes @f1 and@2. ulators which provide a 2.4-V temperature-stable power supply



CALI et al: HIGH-PERFORMANCE Si-BIPOLAR RF RECEIVER 2573

Input return loss (dB)
3

RF Gain (dB)

12 \
\

.18 | 48
1000 1200 1400 1600 1800 2000
Frequency (MHz)

475 o

Fig. 10. Input return loss. 65 -60 55 -50 -45 -40
Input power (dBm)

and correct behavior even with variations in the extern&d- 11. Conversion gain.

power supply. To achieve a regulated voltage even with low

unregulated power supplies, voltage regulators with a common

emitter output stage were used. In our case, due to the lack™f***" I
good pnp transistors, positive-referred voltage regulators were i W
designed.

A simplified schematic of the voltage regulator is show
in Fig. 8. The regulator is composed of three main blocks:
a cross-coupled PTAT current generat@i—Q4, a band-gap
voltage generatof)5—Q7, and an operational amplifier which
includes @8 and the feedback resistanc& and R6. The

IH() dB / div

PTAT generator sets the bias current in the band-gap generator

regardless of the value dfo-r and Rp, provided thatVeg \ \ E
is greater thaVz . The cross-coupled PTAT generator does / \ / \\

not demand a start-up circuit and allows power down to be

|
|
. . ‘\,.\V’W.// i
aphleved easﬂy. Indeed, the voltage regulator can be turned off LMJ Lw/v"f : “‘\\M, LN__J
simply by setting voltagé’- to zero. Consequently, voltage )
VBe and, henceVreg will both go to zero. ResistancEp
is a key element in achieving fast power down. Indeed, whe&(§- 12. Power spectrum at IF output with two input tones-&4 dBm.
current/prar goes to zero, the inverting input of the amplifier
becomes a high-impedance node and is pulled up by resistancehe RF input return loss is shown in Fig. 10. By using
Rp. a simple two-component matching network which compen-
The regulator provides correct behavior with unregulateghtes for the parasitic elements introduced by package and
voltages from 2.7 to 5.5 V, needs a quiescent current lowesnd wire, 16 dB of attenuation in the reflection signal was
than 0.7 mA, and is capable of delivering up to 30 mA tachieved. Under this condition, a 5-dB noise figure from the
the load. LNA to the IF buffer was measured.
Fig. 11 shows the conversion gain from the LNA to the IF
buffer with an input power sweeping from65 to —40 dBm.
IV. EXPERIMENTAL RESULTS A gain and aPyqp of 50 dB and a—45 dBm was achieved,
The receiver was implemented by using the highrespectively.
performance bipolar technology of ST suitable for RF Fig. 12 shows the power spectrum at the IF output with a
integrated circuit designs. It provides trench isolation and-a54-dBm two-tone RF input signal. By applying the well-
poly-emitter npn bipolar transistor with a minimum emitteknown formula (IR = Pin — IM3/2), a —36-dBm IR is
feature size of 0.4:m and maximum transition frequencyachieved.
of 20 GHz. A chip photo is shown in Fig. 9. The chip was Two plots of the measured RF VCO power spectrum with
packaged in a TQFP44 using the minimum wire length falifferent spans are shown in Figs. 13 and 14, and a plot of
the RF inputs. Moreover, each input and output was shieldée IF VCO is shown in Fig. 15. The phase noise of the RF
using proper supply terminals. VCO at 100 kHz frequency offset is69 dBc with a resolution
Experimental results were carried out on several samplesndwidth of 1 kHz, which means99 dBc/Hz.
with respect to the most critical parameters such as noise figur®ue to the lower frequency (117 MHz) and the higher
in the RF block, linearity, phase noise in the RF oscillator, etmductor ), the IF VCO phase noise is115 dBc/Hz at 100
In the following, typical measured values are reported. kHz.

RES BW 1.0 kHz CENTER 115.314 MHz SPAN 500 kHz
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Finally, a summary of the main electrical parameters is

reported in Table I.

CENTER 1.5343 MHz

V. CONCLUSION

The proposed RF receiver is an example of a higlspurious harmonics provided that leakage current is known.
performance integrated front-end for the satellite radio. @f course, the first harmonic is the dominant one and mainly
includes all the basic circuits from the LNA to the basebarskts the loop-filter parameters.

SPAN 300 kHz

Power spectrum of the IF VCO with large span.

TABLE |
Overall Performance
Vee-Vex 24V
Maximum Gain 120dB
Output Level 1 Vpp
Ipias 75 mA
Die Size 18 mm’
LNA-Mixer
Conversion Gain 50dB
Noise Figure 5dB
Input 1db c.p. -45 dBm
Input IP3 -36 dBm
LO to RF Isolation -60 dB
RF PLL
Loop Bandwidth 2 kHz
Phase Noise
fosc=1.35 GHz, -99 dBc/Hz
Af=100 kllz
Spurious Rejection 64 dBc
IF PLL
Loop Bandwidth 500 Hz
Phase Noise
fosc=117 MHz, -115 dBe/Hz
Af=100 kHz

buffer. Two PLL's for the RF and the IF local oscillator
signals are also integrated in the chip. The RF PLL is based
on an integrated VCO which uses spiral inductors and standard
base-collector varactors. The receiver provides a 120-dB gain
and a noise figure of 5 dB allowing a bit error rate lower
than 10* to be achieved. The circuit was fabricated in a
silicon bipolar technology with a 20-GHz transition frequency.
Several experimental results were carried out which validate
its performance.

APPENDIX

Carrier to Spurious Rejection Ratio (CSRR)

By expanding curreni-p [see Fig. 4(b)] in a Fourier series,
the dc componenip and the harmonic amplitudds, are

IepT
Inc = CT’: (A1)
ICPT sin il
I, = T nu;,f (A2)

Since Ip¢ in steady-state condition is equal to the leakage
currenty, (Al) and (A2) result in

7’L7I'IL

cr
nalp

Icp
Equation (A3) allows us to evaluate the amplitude of the
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Assuming, as in our case, the reference oscillator frequenag] S. Wu and B. Razavi, “A 900 MHz/1.8 GHz CMOS receiver for dual

i - i band application,” iHSSCC Tech. Dig.Feb. 1998, pp. 124-125.
“r h|gh§r than the segond pole frequemy’ the spurious [14] R. G. erjeri)yer and R. A. Blauschild, 2 wide-band Igal-noise monolithic
harmonics at the loop-filter output are given by transimpedance amplifier|EEE J. Solid-State Circuitssol. SC-21, pp.
Wy 530-533, Aug. 1986. _
V., (t) ~ [, R 5 cos nw,t (A4) [15] J. Craninckx and M. Steyaert, “A 1.8 GHz low phase noise CMOS VCO
WoNWy using optimized hollow spiral inductors|EEE J. Solid-State Circuits

vol. 32, pp. 736-744, May 1997.

where R1, wy, and w, are the charge pump output resis{i6] G. Palmisancet al, “Noise in fully integrated PLL's,” presented at
tance, the dominant pole frequency, and the zero frequency, AACD’97, Advances in Analog Circuit Design, Como, Italy, Apr. 1997.
respectively. By inspection of Fig. 4(a), (A4) can simply be

expressed as

Let us now consider the VCO output volta@g.. in lock
condition with the spurious harmonids,(¢) applied to its
input. We can write

whereA,, w,, and Ko are the VCO oscillation amplitude andine celiular group.

I
Vo(t) = =—— cos nw,t. (A5) Giovanni Cali was born in Catania, Italy, in 1966.
Canwy s He graduated in 1992 with a Laurea degree in elec-
tronics engineering from the University of Catania.
During 1993 he attended a stage in STMicro-
electronics as a SmartPower IC’s designer. In 1994
he joined STMicroelectronics-RF Design Group of
Catania, Italy. He designed several circuits for wire-
less applications using bipolar and BiCMOS tech-
nologies. He was in charge of a digital satellite
radio receiver and of a dual band transceiver for
GSMI/DCS. He is currently Design Group Leader in

Vosc(t) = A, cos /(wo + KoV, (1)) dt (AB)

frequency and gain factor, respectively. Since the phase noise
deviation due td/, () is very small, substituting (A5) in (A6)
and taking the integral we get

The first term in (A7) is the oscillation signal, the secon
and third terms are the spurious at the VCO output. Fro
(A7), CSRR in decibels is

(1]
(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

[10]
(1]

[12]

A Kol, ; Giuseppe Cantonewas born in Siracusa, ltaly,
92 277 A on December 5, 1965. He graduated in electronics
2n2w2Cs i )e J .

engineering from the University of Pisa, Italy.
- [cos(w, — nw, )t + cos(w, + nw,)t]. (A7) After graduation he taught electronics in a tech-
nical high school. He then worked for three years in
a small company as a Quality Assurance and Mea-
surement Laboratory Manager. In 1997 he joined
STMicroelectronics where he is an Application En-
gineer in RF IC’s Dedicated Product Group.

Vesc(t) =2 A, cosw,t +

2, 2
2n wiCy

CSRR = 20log 7N
Oin

(A8)
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