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Relationship Between ADC Performance a bandpass analog-to-digital converter (ADC) using an undersampling
and Requirements of Digital-IF Receiver technique has been applied in wide-band receiver applications, such as
for WCDMA Base-Station wide-band code-division multiple-access (WCDMA).
This paper presents an analysis of the relationship between the per-
Hae-Moon Seo, Chang-Gene Woo, and Pyung Choi formance of a bandpass-sampling ADC and the requirements of a dig-

ital intermediate frequency (IF) receiver for a wide-band CDMA, uni-
) o ) versal mobile telecommunication system (UMTS), base station.
Abstract—The recent rapid development of digital wireless systems  Tpe yest of this paper is organized as follows. Section Il describes

has led to the need for multistandard, multichannel radio-frequency . h | lecti techni lated t ltistandard
(RF) transceivers. This paper presents the relationship between the various channel selection techniques related 10 a mullistandar

performance of a bandpass-sampling analog-to-digital converter (ADC) receiver. The basic architecture of a digital IF receiver is presented in
and the requirements of a digital intermediate-frequency receiver for Section Ill. Section IV outlines the relationship between the IF and
a wide-band code-division multiple-access (WCDMA) base station. As the ADC sampling frequency. Section V discusses the derivation of
such, the ADC signal-to-noise ratio (SNR), the derivation of receiver g gigna|to-noise ratio (SNR) of the bandpass-sampling ADC, while
sensitivity using the SNR/spurious free dynamic range (SFDR) of the . . . g
ADC, the effect of the ADC clock jitter and receiver linearity, plus the ~S€ction VI presents the calculation of the receiver sensitivity based on
relationship between the receiver IF and the ADC sampling frequency the SNR and spurious free dynamic range (SFDR) of the ADC. The
are all analyzed. As a result, when a WCDMA base-station receiver has a linearity specification required in the RF/IF section is presented in

data rate of 12.2 kbps, bit error rate (BER) of 0.001, and channel index  gaction VI, then some final conclusions are offered in Section VIII.
k of five (sampling frequency of 122.88 MHz and IF of 92.16 MHz), the

performance of a bandpass-sampling ADC was analytically determined to
require a resolution of 14 bits or more, SNR of 66.6 dB or more, SFDR of
86.5 dBc or more, and total jitter of 0.2 ps or less, including internal ADC Il. CHANNEL-SELECTION SCHEMES

jitters and clock jitters. . . L
The programmability of channel selection filtering is one of the most

Index Terms—Analog-to-digital converter (ADC), bandpass sampling, jmportant issues in the implementation of a multistandard receiver. Fur-
clock jitter, multistandard, receiver, signal-to-noise ratio (SNR), spurious th ding to the imol tati thod ful attention i
free dynamic range (SFDR). ermore, according to the implementation method, careful attention is

also needed regarding the influence on the required specifications of the
RF/IF/baseband stages. Fig. 1 shows examples of receiver requirements
|. INTRODUCTION according to various channel-selection schemes, including analog, dig-

The market for digital radio-frequency (RF) communication is corltél: and mixed-signal methods. These schemes must be able to satisfy

stantly expanding with the development of new services and appliégg system,_RF/IF, and digital requirements. E>_<am_ples 9f system re-
tions. Application systems, such as cordless, cellular IMT2000 phon%l’.%'rememS '”C'Pde progr_ammablllty, power dissipation, size, anq cost.
and wireless local-area networks, utilize a spectrum ranging from 8 Be RF/IF requirements include a dy_namlc range for _recelved signals,
MHz to 2.5 GHz. This wide variety of applications has led to an expl&- e number of channels, worst_case signal power, relative st_rengt_h ofthe
sion of communication standards with different modulation schem(,?éj,J""Cent chann_el POwWer, requw_eq SR, "?md ADC/gutomatlc gain con-
channel bandwidths, dynamic ranges, and so forth. In addition, usg% (AGC) requirement. The d'g'tal requirements mplude a dynamic
are demanding low cost, low power, and small size systems to sati /9€ (DR) for the ADC, bar_1dW|dth (BW), AG(.: Teq“'ref‘“e”ts’ modu-
these communication standards. As a result, recent efforts to ado RUPN scheme, and processing speed of j[he digital device. .
multistandard RF communication standard have focused on [1] an ig. 2 .shows various channel-selectlon schemes for a receiver.
[2]. This technical process, which includes high-performance digitglg' 2(a) |Ilu§tr§tes the archltecturg for analog channel s.electlon. This
signal-processing devices such as digital signal processors (DSP) areme satisfies the_ RF/IF reql_urements, such as ad_Jacent channel
field-programmable gate arrays (FPGAS), allows for the efficient imnterfgrers an(_j receiver dynamlc-range proble_ms, using a surface
plementation of software-defined radio (SDR) modems [3]. SDR isat,jguatlc wave fllt.er and AGC in the analog domain. Alsq, for bit error
radio interface technology that generally consists of a software-recg;te (BER) re_qulrements, the resolutlon_blt for the ADC is d(_atermmed
figurable hardware platform and software modules that can make fl /@ modulation scheme and the dynamic range of the AGC is less than

ible changes in the hardware platform for a specific radio system ﬂbo bits. However, this scheme, which includes fixed channel-selection
plication. SDR can support a variety of radio systems with multip! tering, has a disadvantage in that it cannot process multistandards

specifications, based on altering the software modules within a sin@l@d, multichannels. . . . .
set in the transmitter/receiver hardware platform [4]. Fig. 2(b) presents the architecture of digital channel selection, which

To realize a multistandard receiver for SDR, the channel selectil?‘np'rocessed using_ an SDM in a digital domain. This archit_e_cture
technique must be accomplished within a digital domain that facilitat&&" produce a_multlstand_grd receiver d_ue to the programmablllty for
programmable filtering. However, channel selection in a digital doma annel selection. In addition, this architecture can provide low-pass

requires careful attention because of the close relationship between'figfing that rejects any noise pushed into a high-frequency region,
jacent-channel interferers, plus decimation of oversampling data to

analog-to-digital converter and the receiver specifications. Generafly, - . ’ ’

a sigma-delta modulator (SDM) using an oversampling technique thg converter using Nyquist-rate data. In this case, Fhe ADC-resqutlgn

been used in narrow-band receiver applications, such as GSM, whe are determined by the SNR based on the blocking signal and noise
requirements. Generally, it requires a resolution of 14-16 bits for a

narrow-band application. Oversampling SDMs have already been used
Manuscript received January 30, 2001; revised January 17, 2002, Septeni@emarrow-band applications; however, they need a higher sampling
2, 2002, and November 15, 2002. frequency for wide-band applications. As such, undersampling SDMs
H.-M. Seo is with Samsung Electronics R&D on IMT2000 Systemszan be used for wide-band systems, as WCDMA
Kyunggi-do 463-020, Korea. . : ! o
C.-G. Woo and P. Choi are with the Department of Electrical EngineerinP, F_'g' 2(c) presents the arch'teCt_ure _for _mlxed'_S'gna_‘l Chanm_:'\l_ se-
Kyungpook University, Daegu 702-701, Korea. ection. Here, channel selection filtering is attained in the digital
Digital Object Identifier 10.1109/TVT.2003.816621 domain, thereby placing the burden of channel selection on the analog
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Fig. 1. Requirements for channel selection schemes.
Anti- The process of channel selection in a digital-IF receiver is achieved
From aliang » apc —» To in a digital domain, thereby avoiding the burden of RF/IF filter com-
Mixer . DSP . . .. .
Filter ponents. Also, channel selection in a digital domain enables the re-

alization of the multistandard and multiband qualities of SDR. The
(a) Analog channel-selection basic architecture of a digital-IF receiver is shown in Fig. 3. In this ar-
architecture chitecture, IF signals are digitized by a bandpass-sampling ADC with

Anti- Deci a high-speed, high-resolution, and low-noise performance. The band-
From aliang »  spM »| mation |—» 1° pass-sampling theory can be utilized in this receiver because the de-
Mixer Filter Filter DSp sired signal is a bandpass signal. This ADC can avoid aliasing caused
by unwanted signals by selecting a reasonable IF, while the sampling
(b) Digital channel-selection frequency plays a role in the frequency down-conversion based on the
architecture use of frequency replicas of the desired signal bandwidth. In addition,
the ADC has an influence on deciding the clock frequency and deci-
From Anti- R .| Deci- To mation factor of the digital filter. As such, the selection of a reasonable
Mixer | ;ll‘ﬁ:f ADC ';;tt':r“ —” psp IF and sampling frequency is important. The dynamic range (DR) and
spurious characteristics determined by the ADC affect not only the re-
(¢) Mixed-signal channel-selection ceiver sensitivity but also the specification of important components in
architecture the RF/IF block. In Fig. 3, the digital down-converter (DDC) consists
of a digital quardrature mixer, digital oscillator, and decimation finite
Fig. 2. Various channel selection methods. impulse recursive (FIR) filters. This block performs down-conversion

to the baseband, plus has a duty to lower the speed of a fast wanted
. . . . signal bandwidth by decimation filtering. The programmable channel
aﬂd digital blocks S|multa.r!eogsly, in contrafst _W't,h th_e mgthods Lblection block (PCSB) performs channel selection of the desired signal
Fig. 2(a)and(b) The specification of the antialiasing filter is IOOSEHandwidth using digital FIR filters. In a multiband and multistandard

than that in (a) Yet tighter than thgt in (b). The archiFecture uses, plication, the PCSB performs channel selection after shifting to the
bandpass sampling ADC that requires 12-14 resolution bits, wh|B seband using a quadrature digital mixer and oscillator.

is in between (a) and (b). The ADC requirements for this architec-
ture are closely related with the ADC sampling frequency. Since

channel-selection filtering is achieved in a digital domain, as in (b),

a multistandard receiver can be realized using this architecture, ag\it ReLATIONSHIP BETWEEN INTERMEDIATE FREQUENCY ANDADC
provides programmability. This paper discusses a digital IF receiver SAMPLING FREQUENCY

using mixed-signal channel selection as in (c).

According to the sampling of the analog signal, the digital spec-
trum is repeatedly expressed within the period of the sampling fre-
quency based on sampling theory. Fig. 4 shows the relation between

Conventional superheterodyne receivers use an analog channettsesampling frequency and the IF for an undersampling ADC applica-
lection scheme; however, this has weaknesses when implementindian. The proper IF location for the given sampling frequency is shown
SDR multistandard multiband receiver. Therefore, the alternative am-Fig. 4(a), whereas Fig. 4(b) shows the results of an inappropriate
chitectures of digital-IF, direct-conversion, and wideband double-IF rd= location, i.e., distortion and loss of the desired signal due to the
ceivers have been extensively researched for the SDR concept.  spectrum-overlap phenomenon. To sample the desired signal without

Ill. ARCHITECTURE OFDIGITAL -IF RECEIVER
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Fig. 3. Basic architecture of Digital-IF Transceiver.
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Fig. 4. Fir location.
a spectrum overlap, the relation between the sampling frequency and V. SNR OF BANDPASS SAMPLING ADC
the IF is presented by (1) F A. Bandpass-Sampling ADC
Fiy[Hz] =nFs £ TS (n=1,2.3,...). ) A bandpass-sampling ADC in digital-IF receiver architecture per-

forms oversampling for the bandwidth of a wanted signal, yet under-
sampling for IF. The oversampling of an ADC in a digital domain of-
fers an effective processing géiff Goversampling ) fOr the ADC-SNR,

as shown in (3). In contrast, the undersampling of an ADC essentially
lowers the SNR[5]

PGoversanlpling [dB] = 10]0g < [)‘Ofs ) . (3)
Here,k is defined as the channel index, which has an effect on the dec- BWcn

imation factor of the digital filters used in the DDC and PCSB. To réAssuming a uniform total noise in the digitization process, faster signal
alize a multistandard receivef; must be shared among the many starsamples will lower the noise floor because the noise is spread out over
dard specifications for each bandwidth. For example, in a WCDMWider frequencies. The noise floor of an ADC can be expressed by (4)
(UMTS) application with a 3.84-MHz bandwidth, afs of 122.88 Noise floor= FSR

MHz can be used along with afir of 92.16 or 153.6 MHz (when : - | fs

k = 5,n = 1). The selection o must be carefully considered ~ |0-02ENOB+ 176 + 101og <7>] - @
when the number of multichannels is determined. SiAgeoffers a Here, the effective number of bits (ENOB) is defined as the required
processing gain by oversampling an ADC, its selection plays a rolefiamber of bits whereby the noise power of an ideal ADC is equal to
deciding the receiver sensitivity. the noise power of a real ADC. The full-scale range of an ADC is

Here, the spectrum overlap is minimized when thé Fi ) is located
based on a quarter of the sampling frequeifty). The F’s is expressed
in (2).

Fs[Hz]=2" xBW (k==1,2,3,...). )
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Fig. 5. Signal levels of ADC input/output.
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Fig. 6. SNRu\pc versus ADC input-referred receiver noise powe.,, ).

represented by the free spectral range (FSR). This noise consista better performance with a lower power consumption and lower cost
quantization noise and residual noise. Generally, the bandpass-stiran a conventional Nyquist-sampling ADC by using low-sampling
pling ADC-SNR can be easily calculated based on the resolution bitequency, even though it requires a bandpass filter with a steep rolloff
as shown in (5) [6] factor offering bandlimited filtering. The analog input bandwidth of
. _ this ADC has to guarantee th&,.. of the wanted signal. Generally,
SNR [dB] = 6.02N + 1.76 ; the ADC-SNR decreases as the analog input bandwidth increases.
S

2 frmax B. ADC-SNR

Also, this equation shows that the SNR increases when theQuantization methods include uniform, logarithmic (A-law, u-law),
input signal is oversampled, in contrast to the Nyquist frequengyaptive, and differential quantization. Gene-rally ADCs using uniform
(fNyquist = 2fmax), yet decreases when itis undersampled. quantization are most widely utilized; however, this method induces
A bandpass-sampling ADC is able to directly digitize an RF/If certain quantization error when representing an analog signal with
signal in a RF-receiver system because the desired signal is finite number of discrete amplitude levels. Assuming that this error
bandpass signal. As such, a bandpass-sampling ADC performs dfighal is uniformly distributed among the quantization levels, the quan-
same function as a second mixer in a conventional superheterodyiagtion noise powefP,,,) can be represented by (6) [7]
receiver because it can down-convert the frequency by inducing a FSR[V]

2
q
frequency replica of the desired signal bandwidth. Also, it can produce Py [dBM] = 155, ¢=1LSB=— 1. (6)

+1010g < ) + PGOVersmﬂp]ing- (5)
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Fig. 8. Relationship between SNB« and resolution bits.

Here,q is the quantization step sizAB,is the input resistance, and FSR  For a noise-limited receiver, the ADC input-referred receiver noise

is the full-scale range of the analog input-voltage range of the AD@ower(P,,,) is shown (7) [7]

In ideal ADCs, the quantization noise power in (6) can be expressed P, [dbml =KTB + NF + Gain

when it is uncorrelated with a sampling clock. Yet, in a real situation, L S

the SNR is decreased with an increase in the ADC total noise because (Gain=FSR— P + NF, KTB

the sampling-clock jitters correlate with the internal jitter of the ADC. =— 174 dBm+ 101log BW). 7

Fig. 5 shows the signal levels of the ADC input/output. The totadn this case, BW is the bandwidth of the desired signal, NF is the system

noise power of the ADC outputP,..a1.noisc) CONtains both the nom- noise figure of the receiver, and Gain is the path gain of the RF/IF. Gen-

inal noise powet Pyominal) generated by the ADC itself and the ADCerally, when the harmonics and spurs of the input signal increase at the

input-referred receiver noise powéP,,, ). As such, the SNR of the output of the ADC, various dither techniques with special circuits have

ADC is determined by thé.:.1 noisc. Here, the SNR degradation of been used to remove such unwanted distortion components. However,

the desired signal during the ADC process should also be noted. these dither methods add additive white Gaussian noise (AWGN) to
the input terminal of the ADC. Similar to this concept, the harmonics
and spurs induced by the quantization noise level and differential non-
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linearity (DNL) error can also be somewhat minimized as the receiverin the real design of a digital-IF receiver with a high nominal
noise power of the ADC input terminal, which is much stronger thaADC-SNR without an automatic gain-control amplifier (AGC) loop,
the quantization noise power of the ADC. Yet, it should be noted th&},. can be neglected because it has a much smaller valueithan
P.,, has a significant influence on the degradation of the ADC-SNRBased on (11), the consideration of whether the ADC-SNR will be
In the design of a GSM receiver, the SNR of the desired signal is pakminated by theP.,. in a digital-IF receiver application can be
itive (=2 +8 dB) because the desired-signal power from the antennadstermined using an ADC with a wide dynamic range. Accordingly,
stronger than the thermal noise power. As such, the SNR loss generatigfibugh an ADC with a high number of resolution bits offers a high
by the analog-to-digital conversion process is small enough to ignareminal SNR, a real ADC-SNR in such receiver applications cannot
if the P;,, of the ADC is as weak as 20 dB or more thBn. However, be quarantined as such.
in the design of a WCDMA receiver, the SNR of the desired signal is Fig. 6 shows the SNR>c according to theP.,, and ADC reso-
negative(= —18 dB) because the CDMA desired-signal power befortution. The value ofP,,, can be altered by a few decibels based on
the digital demodulation process is much weaker than the thermal ndise system noise figure of the receiver becafise is decided by a
power; see Fig. 5. As such, if only the Pgn of the ADC in a WCDMAnaximum blocker, as in (7). As the dither effect increases with the
receiver application is weaker than PS, as (8), the SNR loss of the AQ@wth of the NF, the SFDR of the ADC is improved, yet the SNR
can be theoretically ignored is decreased. Fig. 7 shows the relationship between the,SNR;
Ps > P,,. @8 (a)mzd the SN%DC of t;e AllDC, assfumilr;g asclgggnel indlérxof 5éj
. L . .2-ps jitter effect, and resolution of 14 bits. Sin@g mina1 IS lowere
;E;mlfr)élt:ferdesolutlon or quantization noise level of the ADC can ith an increa}se in the resqlution N approac_hesl?,.,,,,
In addition t(.)P Prominal.noise CONSidered together with otherth.en SNRipc is saturgtgd with FSRP,.. [dB]’. as shown in Flg'.7'
noise componentsqn;uclﬁlo;nél}Zlﬁlgzin noise, nonlinear distortion andjiFt}?r' 8 shows the vanat!on of Sl\u?,(—:__accordmg o the resc_)lut_|c_>n
' ' ! E)I s of the ADC, assuming a 0.2-ps jitter effect, 0.5 least significant

e]ffed' m.”Stlfe m“"h..b'ggef; thathy. al” ©). R“’"{i“all-“a‘lse Conists bit DNL, 92.16 MHz Fir, and 122.88 MHzFs. In Fig. 8, curve (a),

20§;m21c;2ﬁnggri?n}éijétttg:ﬂine(;}]gnso‘)gﬁri‘;m;giu |ng rz:g roem the SNRominal iS shown when onlyPaominal.noise 1S cOnsidered.

sents the summazon(ﬂ  andD., bialnoise €D In Fig. 8, curve (b), the SNRyc is shown when the effects of
[ " Pominal.noise and P.,, are both considered. Fig. 9 shows the SNR

Puominalnoise [0BM = (Pyn + Piitcer + Pother noise) according to a variation in the resolution bits and amount of jitter in
Protatmoiee [dBM] = Z (Paominat + Prn). ) the clock frequency Fiampiing ). FOr an ADC with resolutlc_>_n of 14
bits or more, the SNR decreased steeply when the clock jitter was 0.2

In this paperPsiher.noise 1S ONly assumed as a DNL effect.
The nominal SNRSNR. . winat ), CONSIAENng?, o minal noise and the
effect of undersampling, is represented approximately (10)

PS or more.

C. Bandlimited IF Filter

SNRyominal = Z {20 log <Slg?dl) Ideally, the entire spectrum, except for the bandwidth of the wanted
noise . .. . . . .
signal containing information as the ADC input signal, should be re-
) moved using a filter. In other words, the input signal of an ADC needs
+ undersampllng.effeJl,t a bandlimited desired signal. A band-sampling ADC in a digital-IF re-
ceiver application needs a steep bandpass IF filter to serve as a ban-
dlimited filter. In real time, an unwanted signal that is not sufficiently
removed by the filter will remain present, as in Fig. 10(a). After this
unwanted signal is processed by the sampler, the wanted signal will
14:2\2 -0 become distorted due to the overlapping of the surplus spectrum of the
(%)

=2log [ FSR| (27 Fir X tiotal jitter)

unwanted signal, as shown in Fig. 10(b).
After the ADC sampling process, there are two main distortion
Frampling sources for the ADC output. The first is distortion due to spectrum
+ 10log (W) . (10)  overlapping by an unwanted signal; the second is distortion of the

Here, Fir is the analog IF of the ADC input terminal amga;icter

on

internal nonlinearity of the ADC, such as spurs. When designing

is the summation of the root mean square (rms) value with the interfQ IF ,f'lter' unless unwanted S|gngls can be gufﬁuently attenuated,
jitter of ADC and the sampling clock jitter. The average DNL is Ole(_Jlls_‘[ortlon due to s.pectrum overlapping will dominate the ADC output.
fined ass andn is the resolution-bits of the ADC. The ADC-SNRTh'S can then serlqusly degrade_th_e SNR and S_FDR performance. As
such, the attenuation characteristics of an IF filter must be smaller
than any spurs caused by an internal nonlinearity of the ADC. In
general, the specifications for a bandlimited filter are tighter for
SNR[dB] = Z (SNRwominat + Frn-c f fect) receiver applications using a bandpass-sampling ADC rather than an
oversampling ADC.

(SNRsnc), considering SNR.mina1 @and the effect ofP.,., is repre-
sented approximately by

=20log | FSR| (27 Fir X ttotal.jitter)Q
VI. RECEIVER-SENSITIVITY CALCULATION USING ADC-SNR/SFDR

—0.5

14232 S The harmonic distortion of the output of an ADC is induced into
+ ( 9n ) + (Ven)” the Nyquist band by aliasing those harmonics with a Nyquist or higher
frequency. Conventionally, a dithering technique has been used to re-
+ 10log ( Frampling ) 1) duce harmonic distortions. The basic concept is that the addition of
2(Fir + 0.5 BW) wide-band thermal noise to the input of an ADC can randomize the pe-
whereV,.,, represents the ADC input-referred receiver noise voltage nbdic components out of quantization noise, which cause harmonics,
the rms value. thereby reducing the spurious components. However, the amount of
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wide-band thermal noise added is an important decision. Generally, \/ FSR = +4dBm
amount of wide-band thermal noise quarantining the maximum SFL Received Input-signal
is determined by measurement. Otherwise, the SNR results are affet . 48 ~ 108dBm
by the addition of noise power.
In receiver applications using a bandpass-sampling ADC, for r in-band Blocker | ADC

ceiver sensitivity, the SFDR and SNR must both be carefully consi :-40dBm
ered. Minimum detectable signals (MDSs) due to the SNR and SFI
can be quite different; as such, these two parameters are basicall
competition with each other when determining the MDS. This pap
used a process that decides the SFDR for the MDS required in the ‘
system specifications after determining the MDS according to variglg- 11. RF/IF architecture.
tions in the ADC-SNR.

The t_)a3|9 block diagram .Of a d'.gltal-”:. recefver for U.MTS BTS ISBIockerMaX is located under the FSR of the ADC so as to avoid
shown in Fig. 11. The maximum input signal power with the HATA T . .

. matching it with the FSR. Also, it should be noted that the HD is

model was calculated as approximatei8.5 dBm. However, the

in-band maximum blocker signal power represented in the SGIgl'g:re_asgd by 2(.) log(the number of carriers) in the case of amulticarrier
application. This paper assumed the numbers of carriers to be one.

spemﬁ_catlon is—40 dBm [8]. As such, _the RF/IF conversion gain Fig. 12 shows the cascaded SNR of the desired signal for a digital-1F
(CG) is expressed (12) because the in-band maximum blocker is -
stronger than the maximum input power from an antenna, receiver system. The SNRc out, Of the AD(_: outputis reprgsented as
the subtraction of the SNRc 1.ss due to noises generated in the ADC
itself from the SNEENR spc.in Of the desired signal. If the summa-
tion of SNRy\p¢.out @nd GRespreading, the gain of the spectrum-de-
Here, the full-scale range of an ADC is expressed by GSR The spreading process of the digital block, is satisfied by Bhg¢N, re-
headroom (HD) is considered based on both the peak-to-average-rgtived in the modem, information with the desired BER can be recov-
of the transmitter output and a few dB margins related to how muehed. Generally, assuming that there is no SNR loss in the digital-block,

Gain = 3%dBm
NF = 5dB

CG[dB] = FSRync — Blockehua.x — Headroom (12)
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Fig. 12. Cascaded SNR of desired signal.
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Fig. 13. SNR\pc.Loss VErsus SNRomina (@) MDS versus channel index. (b) SFRR.rea Versus channel index.

the MDS can be represented by evaluating the SNR of the desired signdtig. 13 shows the SNRyc.r..s Of an ADC according to the

of the receiver input/output SNR,ominal- TO approach an SNRyc.1.0ss Of zero, as in Fig. 13, the
ADC needs an SNRwmina1 Of 80 dB or more with a resolution of 16
MDS [dBm]= KTB + NF + E‘Yb bits or more. For example, assumingB4y N, of 5 dB, GRicspreading
No of 25 dB, NF of 5 dB, KTB 0f—108 dBm(—174 dBm+ 10logBW)
—PGicepreading + M (13) and MDS of—-121 dBm or less, the SN 1.oss Will be 2 dB or
© (=20) less. In this case, an SNR.ina1 Of 70 dB or more is needed with

resolution of 14 bits or more. Accordingly, this example shows
e satisfaction of the MDS specifications based on sacrificing the
sensitivity due to immature analog-to-digital conversion technology.
Also, in the real-time design of a base-station receiver, the consid-
SNRApC Toss [dB] =SNRunc.in — SNRaDC ot eration of parameters such as the user capacity, cell coverage, etc.,
=(Ps — Prn) — (Ps — Potalnoise) will also influence the receiver sensitivity. As a result, the margin of
=Piotal.noise — Prn. (14) SNRADC.Loss satisfying the MDS can be reduced.
When assuming an FSR of 4 dBm and HD of 5 dB, the CG is equal
For an ADC used in a conventional receiver architecture that includ@s39 dB. From the ADC-SNR, the MDS of a digital-IF receiver can be
AGC loops to improve the receiver’s dynamic range, the SMRr.... described by (15)
as (13) is nearly zero becauBg, is much weaker tha®s. However,
in the case of an ADC usetﬁi a digital-IF receiver without any AG&/IDS [dBm] = FSR-CG-SNRbe
loops, in order to neglect the SNR¢.1..s« during the ADC process, + E—Tb — PGiespreading.  (15)
the ADC requires a higher amount of resolution bits than a conventional No
ADC. These points increase the performance requirements for a baimd(11), the SNRp¢ is nhot a nominal SNR offering the maximum
pass-sampling ADC. However, the tradeoff between the receiver ser&@NR, but rather the real SNR. The value of SNR is influenced
tivity and the requirements for an ADC with immature analog-to-digsy Fs, Fir, the jitter effect, CG, and>.,, containing the RF/IF gain
ital conversion technology can be utilized if a tolerable ADC/SNR-losand the system NF. The CNR is defined as the carrier-to-noise ratio
can be allowed. for the proper demodulation according to the modulation scheme. For

a
The SNR\pe.Loss Can be represented by (14), which is based on tQﬁ
subtraction ofF,,, from P;otal noise
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Fig. 14. MDS/SFDR.quirea Versus channel index. (a) MDS versus clock jitter. (b) SEQR..a versus clock jitter.

example, when an ADC with a resolution of 14 bits is used along wittkpressed based on the MDS in (15). Here, the RF/IF path gain is rep-

an SNR of 66.6 dB, the MDS becomed 21.2 dBm with an HD of 5 resented by th&ain. TheCIR in the multichannel system is defined

dB, CNR of—20 dB, NF of 5 dB, data rate of 12.2 kbpsy of 92.16 by the ratio of the carrier to the interference

MHz, Fs of 122.88 MHz, and jitter of 0.2 ps. These values satisfy the

minimum sensitivity of UMTS-BTS. In Fig. 14(a), the receiver MDS .

is plotted according to the channel indexfofvith a variation in the SFDRequirealdBC] = FSRuwc — MDS — Gain+ CIR. - (16)

resolution bits. To satisfy the minimum reference sensitivity of a UMTS

base station, an ADC is required for a channel index of five or less aRdr example, assuming an FSR of 4 dB, MDS-21 dBm, gain of

resolution of 14 bits or more. In this casg, and Fir, as determined 32 dB, NF of 5 dB, and CIR of 0 dB, the SFRR.i.q is calculated as

by a channel index of, are 122.88 and 96.12 MHz, respectively. ~ 78.2 dBc. In Fig. 14(b), the receiver SFRR.i..a is plotted according
The spurious power level in the desired bandwidth must be constd-the channel index of with a variation in the resolution bits. To

ered along with the possibility of a limitation in receiver sensitivitysatisfy the minimum reference sensitivity 6fLl21 dBm, the receiver

in contrast to limitation due to the SNR. In (16), the SERRirca IS  SFDR«quirea iS required to be about 86.5 dBc or more.
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TA

BLE |

1IP3, OIP3, MaXIMUM OUTPUT-SIGNAL OF RF/IF SECTION

Components Iir2 ? QIP3 Ou'q:}ul-Signa]
[dBm] [dBm] (Gain} [dBm]
RF Amp 10 35 -15 (+25)
RF Filter 35 29 =21 {-6)
RE Mixer 29 23 27 (-6)
IF Amp 23 40 -1 {+26)
I Filter 49 49 ST

{ When, HD=5dB, FSR—4dBm, Blocker—-40dBm )

sampling [rms-psec / log-scale]

(b)

jittersampling With a variation in the resolution bits assuming that the
internal jitter of the ADC is zero. To satisfy the MDS of a UMTS base
station, an ADC is required with a total jitter of 0.2 ps or less and a
resolution of 14 bits or more. In Fig. 15(b), the receiver SERQR.cq

is plotted according to the clock jittet.p1ine With a variation in the
resolution bits. As such, the limitation of the clock jitter was found to
satisfy the MDS and SFDR,ired-

VII. LINEARITY REQUIRED IN RF/IF STAGE

The receiver spurious performance is influenced not only by the

Generally, the SNR/SFDR of an ADC is susceptible to jitter fror$FDR and dither of an ADC but also by the linearity of the RF/IF
both the clock and the ADC itself. This effect is shown in Fig. 15components. In the receiver design, the third-order intercept (1IP3) is
In Fig. 15(a) the receiver MDS is plotted according to the clockn important measure in determining the linearity of the performance
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Fig. 16. RF/IF section of digital-IF receiver.

relative to an increasing signal power level. The IIP3 is shown in (17) [4] S. Im et al., “Implementation of SDR-based digital if channelizer/de-
[5] channelizer for multiple CDMA signalsJEICE Trans. Commun., vol.
E83-B, no. 6, June 2000.

[5] B. BrannonBasics of Designing a Digital Radio Receiveknalog De-
IIPs [dBM| = 1.5 Psignal — 0.5 Fimp .- 17) vices, 1999.

[6] ——, Designing a Super-Heterodyne Multi-Channel Digital Receiver
Here, Pisnal is @ two-tone power that causes the intermodulation _ Analog Devices, 1999. o _ o
product (IMD), while Prup is the power of the IMD. Fig. 16 shows ] ‘r]é(’;‘b\:\éi%ricgg ""élr::gc&g}(;ﬁl);g:lgr:ta'\l/lgonv&r&tlerslggg their applications in
a basic block diagram of the RF/IF section of a digital-IF receiver 8] “Technical spe’cification group. radgi]c; accyéss nétvvorks; UTRA (BS)
for UMTS-BTS. Assuming that the total spurious performance is 100 = FDD; Radio transmission and reception,” Third Generation Partnership
dB or more, the IIP3 for each stage can be calculated using (17) and  Project (3GPP), Tech. Spec. 3G TS 25.104, 2000.
the results are shown in Table I. The input power level of an ADC is
determined by the difference between the FSR and the-HDdBm.
The values of 1IP3 and gain in Table | are optimized for real-time
implementation.

On the SER and Spectral Analyses of
A-Law Companded Multicarrier Modulation

VIIl. CONCLUSION

The rapid development of digital wireless systems has led to a need
for multistandard multichannel RF receivers. This paper selected a dig- Xianbin Wang, T. T. Tjhung, and Yiyan Wu
ital-IF receiver architecture for such applications. Since this receiver
architecture does not include an AGC loop, it requires an ADC with a
high dynamic range because the blockers are not attenuated. Also, th&bstract—A peak-to-average power ratio (PAPR) reduction technique

. - : : : ol sed on A-law companding is proposed for a multicarrier modulation
channel selection process is carried out entirely using digital filters mCM) system. The symbol error rate (SER) and spectral property of the

digitgl blocks. ) . companded MCM system are investigated. The SER and spectral perfor-
This paper analyzed the relationship between the performance ahance of the proposed system are also compared with uncompanded MCM

bandpass-sampling ADC and the requirements of a digital-IF receivgtem.
for a wide-band CDMA base station. Therefore, the ADC SNR, the |ndex Terms—A-law companding, multicarrier modulation (MCM),
derivation of the receiver sensitivity using the ADC-SNR/SFDR, thgeak-to-average power ratio (PAPR).
effect of the ADC clock jitter and receiver linearity, and the relation-
ship between the receiver IF and the ADC sampling frequency were all
covered. The design of a WCDMA digital-IF receiver that can support
a multistandard multichannel application involves many challenges toMulticarrier modulation (MCM), also known as orthogonal
achieve a comparable performance with conventional ADCs. Howevitgquency-division multiplexing or digital multitone, has several prop-
a tradeoff between the receiver sensitivity and the requirements ofeties that make it an attractive modulation scheme for high-data-rate
ADC with immature analog-to-digital conversion technology can bgansmission, like immunity to intersymbol interference and impulse
utilized if a tolerable ADC-SNR loss is allowed. Furthermore, sincmoise, low complexity, and high spectral efficiency. Since an MCM
the real-time design of a base-station receiver must also consider ssigmal is the summation of a large number of subcarriers, the ampli-
parameters as user capacity and cell coverage, etc., this will alsotide of the signal can be approximated to be Gaussian distributed,
fluence the receiver sensitivity. The requirements of an ADC are thimglicating the signal has a very large peak-to-average power ratio
much tighter due to these effects. Moreover, the noise sources gefieAPR). Recently, a simple yet effectiuelaw companding technique
ated by a multiuser multichannel application also lead to further degkg@as used [1]-[3] to reduce the high PAPR. In this paper, a PAPR
dation of the receiver sensitivity. reduction technique based on A-law companding is proposed and
studied for an MCM system.

|. INTRODUCTION
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