1ALMA Memo No. 4264-GSample/s, 2-bit SiGe Digitizers for the ALMA Project. Paper IIDavid Deschans1,2, Jean-Baptiste Begueret1, Yann Deval1, Pascal Fouillat1 , Alain Baudry2, Guy Montignac21 Laboratoire IXL, Universit� de Bordeaux, 35 1 co ur s d e la Lib�r atio n , 33 40 5 Talence, F r an ce () 2 Observatoire de Bordeaux, BP 89, 33270, Floirac, France )May 16, 2002 Analog-to-digital converter (ADC), SiGetechnology, high speed bandpass ADCWe report on the design details and first dynamic tests ofhigh speed analog-to-digital converters (ADCs) withcharacteristics approaching those desired for the ALMAproject. A conventional flash ADC architecture has beenadopted with monolithic ADCs implemented in BiCMOS0.35 mm and 0.25 mm SiGe (Silicon-Germanium)processes. We concentrate here on our 2-bit, 0.35 mmdesigns and test results, while details on our 3-bit designsand 0.25 mm SiGe technology will be given in anotherpaper. The main features of these 2-bit ADCs are a 4 GHzclock rate, 3 quantization levels, and an input bandwidthfrom 2 GHz up to 4 GHz. The two chips tested in thiswork dissipate 650 and 975 mW under 2.5 V supply; thedie areas are 5.4 mm2 and 6.5 mm2, respectively.1. IntroductionTo enhance the sensitivity of radio interferometers and ofsingle-dish radio antennas it is essential to process broadbandwidths (> 0.5 to 1 GHz is required in many projects) andthus to design broadband analog-to-digital converters (ADCsor digitizers) clocked at high speeds. In this paper we presentthe main features of high speed monolithic digitizers that wehave implemented in BiCMOS 0.35 mm SiGe processes forradio astronomy applications and, in particular, for the ALMAproject. These digitizers work with a 2-4 GHz inputbandwidth and deliver 2 bits at a rate of 4 gigasamples persecond (Gsps). Our 3-bit designs (the ALMA goal) use 0.25mm SiGe processes and will be presented in a future paper.The approach followed to design and test our high speedADCs has been described in [1, Paper I].A review of state of the art commercial samplers withconversion rates above 1˚Gsps shows that the ADCs requiredfor ALMA doe not exist off the shelf. Some commercialproducts reach 1-2˚Gsps and in one case 4˚Gsps is reported;however, no device has an input bandwidth up to 4˚GHz.Moreover, several commercial products offer more bits thanactually required for radio astronomy and their high powerdissipation does not make them much attractive for theALMA project.The III-V (GaAs or InP) technology is often brought into playto operate at such high frequencies [2]. Usually, classicaltechnologies based on Silicon are not fast enough to work atsample rates beyond 1-2˚Gsps [3, 4]. Nowadays, thetechnologies based on SiGe heterojunction bipolar transistors(HBTs) are competitive with III-V technologies in the range1-10˚GHz. The technology adopted here is based on the SiGeBiCMOS 0.35˚mm and 0.25 mm processes fromSTMicroelectronics. A first 1-bit digitizer design was madewith the HCMOS7 0.25 mm process. However, thistechnology is not fast enough to achieve 2-4 GHz bandpasssampling. SiGe bipolar transistors have a transition frequencyequal to 45˚GHz for 0.35˚mm process and 75 GHz for 0.25˚mmprocess. These processes allow us to achieve wide bandwidthamplification and to design high speed comparator cellswithout excessive amount of power.In Section 2, we briefly recall the ALMA digitizer top levelrequirements. In Section 3, we describe the data conversionstructure used for the ALMA ADCs. Section 4 describes twodifferent circuit designs. Results of first experimental tests arebriefly discussed in Section 5.2. ALMA Digitizer RequirementsThe ADC input bandwidth for the ALMA project is from 2GHz up to 4 GHz. The response of this circuit must be linearand the ripple over 2-4 GHz should not exceed –0.5 dB. Itmust be matched to 50 . The top level performancesrequired for the ALMA digitizers have been discussed inALMA Memo 410 [1]. They are summarized in Table 1below.

2Table 1. ALMA digitizer performance requirementsInput Bandwidth2-4 GHzSample Clock4 GHz (250ps)Bit resolution3 bits and 2 bitsQuantization levels8 and 3Aperture time< 50 psAperture jitter~2 psIndecision level~ a few mVPower dissipation< 2 WThe power supply is limited here to 2.5˚V while most ADCsare designed and optimized for higher voltages. Usually, withGaAs technologies, the power supply is 5˚V, while with Si orSiGe technologies it does not exceed 3˚V [5]. Hence, ourdigitizer design must be optimized for low voltage, lowconsumption and wide bandwidth.3. Analog Data Converter ArchitectureComplex architectures resulting from sigma-delta andsuccessive approximation are not appropriate for high speedADCs because of their low speed. Our designs for the ALMAproject use a straightforward fully parallel or flasharchitecture. Each period of the clock provides one converteddata which is the fastest way to convert an analog signal into adigital one. Flash ADCs using simultaneously 2n-1comparators for an n-bit circuit are thus well suited to highspeed conversion. However, the main drawback of thisarchitecture is that it is not suited for high resolution (> 4-8bits) each additional bit resolution increasing exponentiallythe size and the consumption of the ADC core circuitry. Inmost radio astronomy applications a resolution of 2 bits issufficient (see also universal figure of merit of digitizers in[1]).An ADC can be easily implemented in an integrated circuit byaddition of comparator blocks provided that one paysattention to signal paths and mismatching delay times. In theALMA case the low number of bits allows us to keep the chipcomplexity and the power consumption at a rather low level.The chip layout requires to minimize the aperture time errordue to routing path mismatches between the input adapteramplifier and the comparators as well as between the clockdistributor and the comparators. Under 2.5˚V voltage supplyone cannot stack more than 2 or 3 transistors. Therefore,typical comparator and latch structures must be updated todeal with this weak power supply. We have chosen for ourfirst designs a symmetrical supply voltage of –1.25˚V.4. Designs of 2-bit ADCs4.1 0.35 mm and 0.25 mm SiGe processesWe have designed three different 2-bit ADCs (see Table 3 in[1]), two in BiCMOS6G (0.35 mm) technology and one inBiCMOS7 (0.25 mm) technology. A first design layout wassent to foundry in February 2001; this design was made tovalidate the BiCMOs SiGe technology chosen by us and tomake us accustomed with the design tools. The second 2-bitADC design is more �robust� in terms of technological andthermal dispersions and was sent to foundry in August 2001.It contains a new input adapter amplifier for better broadbandmatching, and a new clock amplifier; thereby a new packagewas required. The 2-bit ADC design of December 2001 usedthe latest BiCMOS technology from STMicroelectronics andnew design kit tools. The latter design is similar to the designof August 2001 and was sent to foundry to evaluate theperformances of the newer SiGe7 technology (0.25 mmprocess) which we use for our 3-bit designs. This 2-bit, SiGe7chip is being packaged and should be available soon.Our 2-bit monolithic chips integrate an input adapteramplifier, comparators with associated master-slave latches, aclock generator, biasing cells and output buffers. The inputsignal, a Gaussian statistics ’white noise’ signal over 2˚GHzbandwidth, is amplified and compared with two referencethresholds. Figure 1 shows the complete 2-bit digitizer circuitconfiguration.Fig. 1. Two-bit digitizer circuit configuration4.2 February 2001 design (0.35 mm process)A. Input adapter amplifierThe main goals of the input adapter amplifier (Fig. 2) are tobuffer and convert the input asymmetrical signal into adifferential one for the sampling process.

R4R5C1VEEQ1R1Q2VDDQ3R3Q4Q5Vpol

Vin

Vinbar VEE +-Vbandgap

PTAT

IVoutVEEPTATR2D2D1OTAR6R7Fig. 2. Schematic of the input adapter amplifier

3The signal path is differential through the amplifier,comparators, latches and output buffers in order to reduce theeffects of clock and substrate noise. The input stage is adifferential amplifier whose current source is driven by anOTA. This common mode feedback loop allows us to lock themean value of the amplifier output voltage to —150 mV whichis the central threshold for the comparators. The input stage isbiased by a bandgap voltage generator to be less sensitive totemperature and power supply variations. Broadbandimpedance matching is accomplished by internal poly-silicon50 W resistors.The output stage is made up of two buffers biased by a’Proportional To Absolute Temperature’ (PTAT) currentsource. Diodes D1 and D2 are mandatory to avoid saturation ofthe input amplifier by the input voltage due to Gaussianstatistics peaks. In fact, the amplifier does not have to spendtime to eliminate charges stored in saturated NPN transistors.Fig . 3 shows the schematic of the OTA amplifier. VEE Q9Q6Q8Q7Q13Q10Q11Q12

R8C2C3R10Q15Q14Q5Q4R8Q2Q1Q3C1

Vpol Fig. 3. Schematic of the OTA amplifierB. Comparator/SamplerThe sampling function is performed in the comparator cells,which include a comparator and two latches in a master-slaveconfiguration clocked at 4˚GHz. This structure suppressesmetastability state by providing more amplification of theinput signal and better conversion speed by holding a stablecomparison result. The comparator shown in Fig. 4 includestwo amplifier cells in order to minimize the hysteresis. Thefirst one subtracts the input signal and the second oneamplifies this difference. The comparator hysteresis must bekept as small as possible because it determines the digitizerindecision level; our goal is of the order of 1 millivolt. Shouldthe value of the comparator hysteresis be high, the amplifiergain and the comparator threshold voltages have to beincreased in order to keep the ratio between the comparatorwindow and the indecision level constant.

IQ22Q23IVEEVDDQ20R13Q21R14VEEVDDIQ18Q19IVEEVDDQ16R11Q17R12VEEVDDIVers Latch DVrefVinFig. 4. Schematic of the comparatorThis comparator is followed by two latches achieving thesampling and storing process with master/slave configuration.The D-latch is loaded by a differential amplifier to add gain,in order to minimize the indecision region and to adapt themean level of the output buffers (Fig.˚5). The latch samplercircuit alternates between the sampling mode and the latchingmode by switching on CK and CKbar signals.

IQ29Q30IVEEVDDIQ33Q34IVEEVDDQ27Q28Q29Q24R15Q25R16Q26VEEVDDVEEQ31R17Q32R18VEEVDDICKCKOUTOUTFig. 5. Schematic of D-latchBecause of reduced power supply, it is not possible to stackmore than two NPN transistors without one of them workingin its saturated region. Thus, classical latch structures have tobe modified. The clock is applied on the current source toreduce the number of stacked transistors. The NMOStransistor driven by the clock is a current source during onehalf-period and an open switch during the remaining halfperiod.C. Clock distributor circuitThe clock signal applied to the die is a 0 dBm 4 GHzsinusoidal waveform with not sharp enough rise and falledges. Thus, we need to transform the sinusoidal waveforminto a square signal. The clock amplifier inputs must bematched to 50 . Bypass capacitances are integrated andmade of metal-metal capacitances. The clock distributorcircuit (Fig. 6) is made up of three differential amplifierswhich generate CK signal and Ckbar signal. This circuit isloaded by a buffer which controls the high level CK andCkbar signal voltages.

4VDDIref

CKin

CKinbarCKbar VEE C1VEE

-Vbandgap

CKFig. 6. Schematic of clock distributor circuitD. Output codingAn encoding system is not necessary for a 2-bit, 3-leveldigitizer. The output signal coding is as described in Table 2.Table 2. Output signal codingVS1VS2Ve˚>˚Vref111Vref2˚<˚Ve˚<˚Vref101Ve˚<˚Vref200E. Output bufferThe output buffer (Fig. 7) is designed to transmit data outsidethe chip through the bond pad, the bonding wire and the 50˚Woff-chip load without deterioration of the data. VrefVin

IQ37VEEQ35R19Q36R20VEEVDDIVers Pads de sortie

VDDIVEEIVEEVEER21C4Fig. 7. Schematic of the output bufferThe output voltage provides SCFL (Source Coupled FieldLogic) single ended logic levels (0˚V /˚—0.9˚V) to beconsistent with the Test Auto-correlator designed for ADChigh dynamic range tests (see [1]). This output voltage swingis fixed by the resistors , and the current source I ; themean value is fixed by the current source I. The outputbuffer has a high current consumption in order to drive the50˚W load with roughly 1˚V voltage swing.Figure 8 shows the microphotography of the chip. Due to thehigh number of supply pads, for each building block thecircuit is �pad limited�. Hence, a large amount of silicon isfilled with decoupling capacitors.Fig. 8. Microphotography of the chip (February 2001 design)4. 3, August 2001 design (0.35 mm process)In this new design the biasing circuits have been changed andimproved. The clock amplifier performances have beenenhanced and the input adapter amplifier has a betterbroadband matching. A new package has been chosen; it iswell suited to high frequency applications and dissipates moreefficiently the heat of the die.A. Input adapter amplifierThe input adapter amplifier consists of a broadband matcheddifferential amplifier followed by a cascode pseudo-differential amplifier (Fig. 9).

Q1R1Q2VDDQ4Q5VpolVinVinbarPTATI

Vout VEE PTAT

R2D2D1OTAR6R7VEE

R3VEEQ3’R3’VBandgapIrefVDDVEEVBandgap50Ohms

5—150˚mV as in the first design. Broadband impedancematching is achieved by on-chip poly-silicon 50 W resistors.B. Clock distributor circuitWe need to transform a 0 dBm 4 GHz sinusoidal waveforminto a square signal. The input and the output buffers of theclock amplifier (Fig. 10) are slightly different compared to theFebruary 2001 design. The input stage consists of a LC filterto tune the matching impedance to 4GHz. The output buffershave been modified to improve the clock signal waveforms. VDD CKIrefCKinbarCKbarVEE

CKin

C1VEE+-VbandgapFig. 10. Schematic of clock amplifierFigure 11 shows the microphotography of the die. Due to thehigh number of supply pads for each building block, the diesize is pad limited. To minimize the supply voltage ripple,free areas on the chip are filled with decoupling capacitors.Fig. 11. Microphotography of the chip (August 2001 design)5. Experimental Results5.1 Tests of February 2001 designOur first 2-bit ADC was tested on a 4-layer Printed CircuitBoard (see Fig. 5 in [1]). The die was mounted in a 32-pinTQFP package.Different types of dynamic tests can be made todetermine whether an ADC design is suitable for operation(e.g. signal-to-noise and distortion ratio measurements).However, such tests are not decisive in radio astronomyapplications for which the input signal is a weak Gaussianstatistics noise buried in another white noise signal. In radioastronomy, the conversion efficiency of a weak analog inputnoise signal can be estimated after a long integration time in adigital auto-correlation system; such a system will be used toqualify our digitizer designs as described in [1].Our measurements have been made with the test bench shownin Fig. 12. The signal and clock synthesizers (HPE4433B andHP83712B, respectively), and the digitizing oscilloscope(HP54750A) used to analyze the digitizer outputs were allsynchronized to a common 10 MHz line. The samplingfrequency was 4 GHz.

Power Supply Vin Clock Bit2 Bit1

Synchronization 10 MHz Line Fig. 12. Two-bit digitizer test benchThe measured hysteresis was about 60 mV (see explanationsat the end of this Section). Figure 13 shows the response ofthe comparators to a 3 GHz sinusoidal input signal (upperplot; the amplitude level is —12 dBm). The lower plots showthe 1 GHz output signals on the 50˚ off-chip load. Theoutput voltage swing is 850 mV. The rise and fall times of theoutput signal loaded with a 50˚ impedance are about 130˚ps(dV/dt = 6.5 mV/ps). The chip dissipates 652˚mW and the diearea is roughly 5.4˚mm2. The rejection ratios between the4˚GHz 0˚dBm input clock signal and the comparator input andthe chip output were measured to be —29˚dB and —27˚dB,respectively.Our measurements have shown that the comparisonand sampling functions are performed well for clock rates upto 4.9 GHz.

6 Fig. 13. Measured output waveforms (lower plots) in response to a 3 GHzinput signal (upper plot); the digitizer clock is at 4 GHzThe measured —0.5˚dB bandwidth of the input amplifier goesup to 4.4˚GHz and the —3˚dB bandwidth is 2 to 9.8˚GHz whilethe amplifier gain is roughly 12 dB. Table 3 summarizes somemain characteristics and results for this first 2-bit digitizer.Table 3. Characteristics of our first 2-bit digitizerVoltage supply–1.25˚VSampling frequency4˚GHzMax sampling rate4.9 GHz-0.5˚dB bandwidth2-4.4˚GHzHysteresis60 mVOutput signal voltage swing850˚mVCurrent consumption260˚mADie area5.4˚mm2We have noticed that the digitizer outputs isolation must beimproved. This critically depends on the output buffers andoutput pads in the layout and was corrected in our design ofAugust 2001. The measured hysteresis is not the internalhysteresis of the comparators. There is an important ripple onthe reference voltage of about 60 mV. This input of thecomparator must be filtered to strongly reduce the ripplemainly due to the clock signal.5.2 Tests of August 2001 designThis digitizer has been tested on a 4-layer Printed CircuitBoard (Fig. 14). The upper layer is dedicated to the analoginput, clock signals, and the output logic signals, anddistributes part of the positive power supply. The second layeris a ground layer to form a microstrip circuit. The signal pathsare matched to 50˚. The die is mounted in a 36-pinVFQFPN package. This package is better adapted to RFapplications than the previous TQFP package. Ourmeasurements show that the comparison and samplingfunctions are adequately performed up to 5 GHz. The testbench was similar to that used for our February 2001 design(see Fig. 12).Fig. 14. Test board used for the 2-bit design of August 2001The measured hysteresis is below 10 mV. Fig. 15 shows thedigitizer response to a 3 GHz sinusoidal input signal (upperplot; the amplitude level is —5 dBm). The lower plots showthe 1 GHz output signals on the 50˚ off-chip load. Theoutput voltage swing is 800 mV. The rise and fall times of theoutput signal are similar to those measured for the February2001 design. The chip dissipates 975˚mW and the die area is6.5˚mm2. The rejection ratio between the 4˚GHz 0˚dBm inputclock signal and the input adapter amplifier is —30˚dB.Fig. 15. Measured output waveforms (lower plots) in response to 3 GHz inputsignal for a 4 GHz sampling clock

7Fig. 16. Eye diagram of digitized outputIn Fig. 16 we show the eye diagram for a 2 GHz input signalwith 4 GHz sampling clock (upper plot). The amplitude of theopen eye is around 600 mV and the horizontal axiscorresponds to 50 psec per division.Our simulations show that for this design the —0.5˚dB and—3˚dB bandwidths of the input amplifier are 2 to 4.3˚GHz and2 to 9.5˚GHz. The amplifier gain is roughly 3.3˚dB. Table 4summarizes some main characteristics and results of this 2-bitdigitizer.Table 4. Characteristics of our 2-bit digitizer design (August 2001)Voltage supply–1.25˚VSampling frequency4˚GHzMax sampling rate5 GHz-3˚dB bandwidth2-9.5 GHz-0.5˚dB bandwidth2-4.3˚GHzHysteresis~ 10 mVOutput signal voltage swing800 mVCurrent consumption390˚mADie area6.5˚mm2The tests undertaken on this complete 2-bit ADC circuit aresatisfactory. In particular, interactions between the twodigitizer outputs have been drastically diminished. The filterplaced on the reference voltage has greatly decreased thehysteresis level.7. ConclusionTwo high speed 2-bit SiGe ADCs have been developed usingthe SiGe BiCMOS 5M1P 0.35˚mm process fromSTMicroelectronics. Details of our designs and first results ofdynamic tests have been given. Our measurements show thattrade-off between low power consumption and widebandwidth (2 GHz) is possible and that the ALMArequirements are within reach. The performances of the 2-bitdigitizer designed with the BiCMOS7 newer technology (0.25mm process) will be reported separately as well as the resultsof our 3-bit designs with 0.25 mm processes.The authors express their thanks to STMicroelectronics,Central R&D, Crolles, France, for technical support andoffering of their SiGe 0.35˚mm technology. The authors alsothank ESO and INSU-CNRS for their support during theALMA project development phase.References[1] A. Baudry, D. Deschans, J.B. Begueret, Y. Deval, P. Fouillat, G.Montignac, O. Gentaz, M. Torres �Designing and Prototyping of2-4˚GHz Bandpass SiGe Digitizers and Associated Tests Equipment forthe ALMA Poject� Paper I, ALMA Memo 410, February 20, 2002.[2] K. Poulton, K.L. Knudsen, J.J. Corcoran, K-C Wang, R.B. Nubling,R.L. Pierson, M-C. Chang, P.M. Asbeck and R.T. Huang, �A 6-B 4Gs/sGaAs HBT ADC�, IEEE Journal of Solid-State Circuits, Vol. 30, n¡10,pp. 1109-1115, Oct 1995.[3] B. Pr�gardier, U. Langmann and W.J. Hillery, �A 1.2˚GS/s 8-bSilicon Bipolar Track & Hold IC�, IEEE Journal of Solid-State Circuits,Vol. 3, n¡09, pp. 1336-1339, Sept 1996.[4] T. Baumheinrich, B. Pr�gardier and U. Langmann, �A 1 Gsample/sFull Nyquist Silicon Bipolar Track & Hold IC�, IEEE Journal of Solid-State Circuits, Vol. 32, n¡12, pp. 1951-1960, Dec 1997. [5] W. Gao, W.M. Snelgrove and S.J. Kovacic, �A 5˚GHz SiGe HBTReturn to Zero Comparator for RF A/D Conversion�, IEEE Journal ofSolid-State Circuits, Vol. 31, n¡10, pp. 1502-1506, Oct 1996.