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Abstract— A spectral built-in self test (BIST) solution for
integrated cellular RF transmitters is presented that enables PFD [ \
f

on-chip verification of PLL spectral performance. Multi-tone

FM test signals with a spurious-free dynamic range (SFDR) of Eggﬂ%?g Loop Filter  VCO

60 dB are generated without compromising the performance of

the RF transmitter itself. The RF signal is demodulated and =N/ N+1
digitized in an on-chip digital FM discriminator, spectral analysis o[1[1 , :
is performed using digital narrowband filtering. The additional Data Ddig o dy(n) ;
BIST blocks are fully digital and have been implemented on a 7 " :
chip area of only 0.05 mn? in a 130 nm CMOS technology. The

f 10 digital
- H -—A»(:}vA»
test blocks allow fast measurement of PLL frequency response, _TXFiter g Sbm
level of spurious sidebands and in-band phase noise down to ; [dig’
-80 dBc without external test equipment. Catastrophic faults ad : :
most parametric faults can be detected as long as they influence

the loop bandwidth or deteriorate spectral performance. Generator N [4ig}
ERECITLEEEEE SCITRTEPERERY) DSP =< . :

I. INTRODUCTION

Until a few years ago, production test for RF ICs _reqUired Fig. 1: FractionalN modulator with BIST blocks (dashed lines)
a good understanding of RF measurement techniques and

equipment but little Design-for-Test (DfT) or even BIST

capabilities due to the low device complexity. The advent o ) . )

of mainstream CMOS technologies with transit frequenci€¥St€m test, giving no information on the cause of the failur

exceeding 100 GHz has changed the picture: Fired up by'RiCh is important for yield optimization.

general trend towards wireless devices, RF ICs have become

highly integrated, high volume commodity products for For these reasons, an hierarchical test of the buildingksloc

consumer markets with fierce competition and shrinkingf an SOC is favored. PLLs are building blocks that are

profit margins. As a consequence, test costs account foegpecially hard to test because they are completely emtedde

growing percentage of the total production costs, turnifig D in most SOCs with no direct access to their analog ports. This

and BIST into an economic necessity for RF ICs. paper presents a novel RF BIST approach for autonomous,

specification oriented test of RF PLLs. Spectral parameters

Recently, several loop back test concepts have beéie frequency response, in-band phase noise or the level of

proposed for integrated RF transceivers where the on-cigpurious sidebands can be measured on-chip and compared

receiver (RX) is reused for demodulating the RF transnfiirectly to the component's specification without distai

(TX) signal. While loop back concepts look very appea"ngerformance critical RF paths. The BIST functionality is

due to low area overhead, there are some pitfalls for tRghieved using robust, digital signal processing blockth wi

practical implementation: Most standards use frequentifle area penalty due to the high integration density af th

division duplexing, requiring to run either RX or TX pathl130 nm CMOS technology.

outside the specified frequency range during loop back test.

RX and TX path usually have very different requirements The BIST blocks have been integrated on an RF transmitter

concerning dynamic range, distortions etc., preventing utilizing a digital sigma-delta modulator (Fig. 1). This

thorough test of both paths. Chips built for time-divisiorarchitecture is commonly used for highly integrated RF

multiplex access systems like GSM or Bluetooth are n@MOS transceivers because it is well adapted to CMOS

specified for or even capable of operating RX and TX patechnologies [1].

at the same time. Additionally, loop back test is an overall



Section Il describes the generation of digital multi-tonthe oversampled oscillator. The achievable signal-taecatio
signals and section Ill how to upconvert these stimuli toRffe  SNRdepending on the oversampling ra@SR= fs/2BW is
domain. Section IV shows how to demodulate and digitize tH4]

RF signal without analog downconversion or high-resotutio SNR_ ™ OSR5/2 4
ADCs. Section V demonstrates an efficient way for on-chip ~ /60 . )

spectral analysis of the demodulated bit stream by applyir_}_(?1 )
digital narrowband filtering. e PLL under test has a loop bandwidth of 100 kHz and

attenuates quantization noise at higher frequencies. Rgoa
Il. DIGITAL MULTI-TONE GENERATION tone generatorl(= 2) running with a sampling frequency
The main building block for generating multi-tone signal®f 26 MHz, the oversampling ratio I©OSR= fserf/2BW =
is a digital oscillator (Fig. 2), realized with lossless ithgy 13 MHz/200 kHz= 65. The resulting SNR given by (4) is
integrators (LDI) [2]. LDI based structures are derivedniro 89 dB.

lossless LC - ladder filters; similar to Wave Digital Filters Accumulator A
(WDF) they can be implemented with short coefficients. Co- ®O—® ’
efficient truncation errors in LDI based circuits only infhoe . ' 71 ] 1 J
the resonance resp. filter frequency but do not compromise a=2
stability or noise performance [3] which makes this pritheip ¢
good choice for very compact circuits with moderate precisi 21 = 2z =P
requirements.

xd(n)

Accumulator B

1 a(n) i x(n) xd(n)
@_}@ X4 (n+1) ‘ - Xz (N »_G—)—» _G—>—>®+ =
Ii * Xa () 2 5 t@ p— Quantizer
b : :
Xp () z @ Fig. 3: Two-tone LDI oscillator using SDM attenuator

Fig. 2: Principle of LDI oscillator The implemented two-tone generator has a frequency range

of 15...180 kHz and achieves an SFDR of 60 dB with a word

Analytical expressions for oscillation frequencyig and length of 15 bits, requiring a chip area of 0.02 fqm

amplitudex,, depending on sampling frequenty coefficients
a, b and the initial conditionsx;(0) and x,(0), have been M
derived in [4]. Forx,(0) = 0 and small coefficientiah| <« 1

. RF SIGNAL GENERATION

the following approximations hold true Multi-tone RF stimuli are easily generated by combining
the multi-tone generator from the last section with a digita

wig = arccos(l ab) fs~ vabfs (1) sigma-delta modulation transmitter (Fig. 1). Due to the

2 inherent low-pass characteristic of the PLL, no additional

2Xa(0) filter is needed to reconstruct the sine tones from the

(G —arctanﬁ ~ T2 2) oversampled data stream.
o~ 2O o 3 i |
Ra =~ sing, ~ Xa(0), The output frequencyfy,; of a fractional-N PLL with a

showing that ampltude and fequency can be conyoldiTenCE Fetenche, s duision el N on
independently. A compact implementation of the oscillator .
: . : . . . .. IS given by
in Fig. 2 is achieved by replacing one multiplier with a
fixed bit shifter @ =2"%). The other one is substituted by FRAC
a sigma-delta attenuator that first converts tiebit wide fout = fref (N| +2Wf> = Nfref ®)
data x(n) into an equivalent oversampled single-bit stream
xd(n) with a Sigma-Delta Modulator (SDM). Multiplication ~wherewf is the word length of the fractional accumulator
of xd(n) with the constant coefficienb then only requires and FRAC is the fractional word. The PLL is frequency-
selection of+b or —b, depending orxd(n). modulated in the digital domain by adding modulation data
D(n) to the fractional word. The modulation data is low-pass
L tones can be generated in parallel with the same hardwélered by the closed loop transfer functi@(s) of the PLL
by using time division multiplexing, reducing the effeetiv [5]. A fast verification of|G(s)| can be perfomed by using
sampling rate tdsett = fs/L. This modification requires only the two-tone generator from section Il and measuring the
four additional registers per tone (Fig. 3) [4]. The quaatin frequency response. Within the loop bandwidB(s)| ~ 1

noise of the SDM limits the useful signal bandwidBhV of and the digital data directly affects the PLL frequency:



i IV. DIGITAL FM DISCRIMINATOR

. On-chip analysis of the PLL transmit signal requires exirac
ing and digitizing the RF phase / frequency information from
the carrier which is a narrowband signal with large, cortstan
<1 amplitude. A standard RF receiver architecture is optidhize
for detecting low-level RF signals in the presence of strong

E ? b Pl § interferers. It requires large area, precision analoguiting
39 hed I A e A "1 like a mixer and a high resolution ADC. Instead, a much
—40 [ ” i -+ simpler demodulation technique is applied: a first ordeitalig
0 \/\A/\ A H Af\ I ,Mj \ | FMdiscriminator only consists of a high-speed dual-modulu
NIV V\(' 1" ‘ divider and a D-flip-flop (Fig. 5) and delivers a sigma-delta
T il =1 modulated bit stream containing the demodulated data.

-60 [~ Samples: 200004997~~~
Avg. Freq. = 410001e+09Hz | !

=70 ~~Max: 23i7°dB at 50799.9 Hz |~
NBW = 600.0 Hz (27.8 dB Hz)

[
[
N
[
Ll

e e R e e L < ! o
10° 10° 10° E }E i Demod
Offset Frequency from Carrier (Hz) f | | D-F " Out
ref T H > D ; -
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fout(n) = f NN+ ————> | =f N+ —+
our(n) ref ( I 2wf ref + 2wf Fig. 5: First order sigma-delta frequency discriminator (SDFD)

(6)

WhenD(n) is a digital sine wave with frequencfnoq and

amplitudeni= maxD(n)], a peak PLL frequency deviatiahf
is created of

The digital sigma-delta frequency discriminator and
digitizer (SDFD) in [8] has been used for demodulating an
FM IF signal. The proposed frequency discriminator takes

—~ m

Af = Wfref (7)

advantage of the high transit frequency of the 130nm CMOS
technology; it is directly clocked with the 4GHz signal okth
VCO to create an even simpler RF BIST architecture.

for < 2¥f. This corresponds to a peak modulation index

I:l Of SDM Demodulated Bitstream and CIC Characteristic
0 T T
— ~ Samples: 145600
l:‘l _ Af _ mf fref (8) -20 - -RBW="1071.4 Hz (30.3 dB) 4
fmod 2 fmod '
) -40
With fref = 26 MHz, fnog = 100 kHz, wf = 22

and m = 10916 a GSM - like frequency deviation of
Af =677 kHz is achieved. The modulation index{is= 0.68.
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Fig. 4 shows a simulated two-tone signal at the outp
of a PLL with a loop bandwidth of 100 kHz. The low-pas:
characteristic of the PLL is marked by the bold line. The tor
outside the loop bandwidth is attenuated by approx. 12 ¢ ‘ ‘ ‘
compared to the in-band tone which can be easily verified o 10’ o 10
a production test setup using conventional equipment or t. _

built-in FM discriminator (section IV). Fig. 6: Two-tone spectrum at SDFD output and transfer function of
2"d order CIC

-100 -
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All simulations were performed with a standard VHDL
simulator, using the methodology described in [6], [7]. The The frequency deviation of the TX signal has to be limited
complete circuit in Fig. 1 including analog blocks like VCQto f; < fref/2 to avoid aliasing, which is fulfilled automatically
and loop filter was modeled in VHDL, the simulated periods the PLL bandwidth has to be much lower thig for
data of the VCO and the filter response (section V) werability reasons. Just as the input signal of a sigma-delta
dumped to a file and post-processed using Matlab. ADC must not exceed the quantizer input stepg to avoid



an overload condition, the input frequendéyr of the SDFD CIC fitered data
has to be within the limits

Nfret < frr < (N4 1) fret ©) “r |

which is satisfied by using the channel word as the low or . iy
division ratio for the dual-modulus divider. Under thesa-co e

ditions, the demodulated output of the SDFD (Fig. 5) is &
oversampled, first order sigma-delta modulated approximat

Peak Value = 89.64 dB at:0 Hz

S_(dB/Hz) (Spurs)
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RBW = 1089.1 Hz (30.4 dB) ﬂ

of the frequency modulating signal as shown in Fig. 6. °r
Decimator  BP Filter Rectifier  Averager i |
Xgpm(N) Al -2or 7
M eic |y 2 <Al | || cic| 1 256 | ol .
f=26 MHz fr=8125kHz Freaueney ()
Fig. 7: Block diagram of amplitude estimator Fig. 9: Output spectrum of second order CIC decimator

The 20 dB/dec rise of the noise floor is due to the noise-
shaping characteristic of the first order SDFD, the spuriousThe spectrum of the decimated two-tone signal is limited
tones at higher frequencies are still under analysis. to fs/32=8125kHz (Fig. 9). Some quantization noise is

folded back into the signal band, as can be seen near DC.
V. DIGITAL NARROWBAND FILTERING

On-chip spectral analysis of the demodulated bit stream is
a highly desirable feature because it eases the requirement K pw
on the production tester and enables device self-test in the x(n) Y-
final product. Instead of implementing a full-blown FFT, a — z! ™ Xpp(N)
narrowband frequency analysis is performed to estimate the é‘
amplitude only of certain frequency components. First, the k™™
SDM bit stream is decimated and pre-filtered with a cascaded z
integrator-comb (CIC) filter. The band of interest is then -
selected with a narrow, programmable LDI bandpass filter
whose output is rectified and averaged in another CIC filter Fig. 10: Second order LDI BP filter

(Fig. 7).

) The narrow bandpass is implemented with a LDI structure
Integrator  Rate Changer  Comb F'r":r similar to the multitone generator from section Il with an

—@® = ‘ ¢ ‘ & additional damping ternkgw (Fig. 10) that determines the
X (m) LIEIJ = R LIEIJ %o (V/R) bandwidth. A main advantage of this filter type is is its
robustness against coefficient truncatidq: is only 9 bits
wide which gives a frequency resolution of 300 Hz without
Fig. 8: Second order CIC filter with dump and reset compromising noise performance. Another advantage is that
the resonance frequendy is set with a single parametés

The first stage of this amplitude estimator is a second ordgr).
CIC filter that decimates the SDM bit stream by a factor of

RES

R= 32. Its multiplier-less structure allows for a very compact fo = fsr arcsink—f s K fsr (11)
implementation while running with the full sampling rate of n 2 21

fs=26 MHz (Fig. 8) [9]. At least a second order CIC filter The reduced sampling rate ¢§r = 8125 kHz allows the

is required to suppress the high-frequency quantizatiasenosharing of area expensive resources between blocks in the
components of the first order SDM bit stream with a maximuf@andpass, here, a fourth order band-pass with parametrized
aroundfs/2 = 13 MHz. (10) predicts a worst case suppressiotenter frequency is implemented with only one multiplier
of a second order\ = 2) CIC with R= 32 nearfs/2 of 60 in an area of less than 0.03 rAmSimultaneous multitone

dB at 12.6 MHz F = 15.5) which is still sufficient to avoid analysis could be performed at the cost of additional chip
excessive aliasing of quantization noise for this applicat — area by running several resonators in parallel [3].

. N Fig. 11 shows the simulation plot of the demodulated and
HE) _ S'_””ni: RN ~ |sincrf N with F = fR (10) bandpass-filtered signal of Fig. 4 with the bandpass cemtere
IH(0)] Sl f at the second tone. The integrated spectrum indicateshbat t
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Fig. 11: Demodulated and bandpass-filtered two-tone spectrum



