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Abstract—During the last years, there has been an evolution  Consequently, an intermediate solution might be the multi-
in wireless communication systems towards multifunction and standard terminals that consist of a single receiver, but the
multistandard terminals, supporting several standards, like GSM, ; ; ; : ;
Bluetooth, DECT, wireless LANs and UMTS. The implementation Slgrtllal _pr?ﬁess_ln% IIS d?tne partcljy IS _the analtl)lgddgm]:’;lln and
of a "universal terminal”, which supports all these standards par_ y In e_ Igita (S(_) ware) domain, SO_ calle _0 ware-
and allows wireless connectivity and roaming, becomes necessarydefined Radio. According to Software-Defined Radio Forum
for the reduction of the cost and the increase of the versatility, (www.sdrforum.ory; " Software-defined radio is a collection of
[1]. This paper presents the exploration of the Programmability hardware and software technologies that enable reconfigurable
and Reconfigurability (P/R) capabilities of the ADC architec- gy gtam architectures for wireless networks and user terminals

tures, keeping focus on ADCs that are commonly used in the Thi uti . that th loq hard h it
telecommunication applications, i.e. Flash ADCs, Folding and ' NS Solution requires that the analog hardware can change Its

Interpolating ADCs, Pipelined ADCs and AY ADCs. We present Properties after the fabrication and it can adjust its function-
the recommended performance area of each architecture and ality according to the desired standard.

we investigate their P/R capabilities. Our target is the coverage | the second section of this paper, we present the most
of a large part of the recommended performance area of each o nising receiver architecture concerning the multistandard
architecture, if not the whole, with only one programmable . . . .
representative. terminals. The third section presents the relative to the Pro-
grammability and Reconfigurability of ADCs definitions and
. INTRODUCTION proposes the most suitable ADC architectures, depending on

Nowadays, we witness an exponential growth in the portaﬂf&e standards that they should cover. I.n the forth _section
communication market. This growth dictates the need for loWte Propose Programmable and Reconfigurable options for
cost, small-form and low-power receivers, since more afyery ADC'’s architecture, according to cover wider range of
more systems use radio links. The consumer needs both pesformance specifications and in the final section we draw
convenience of added connectivity and the benefit of th@e conclusions of the study.
additional services. In parallel there is a fast growing number
of standards like Wireless Local Area network (WLAN) and [I. DIRECT CONVERSION RECEIVERS
Wireless Personal Area Network (WPAN) that are based on

IEEE 802.11x (x=a,b,d.g.e), Bluetooth, GMS, UMTS, GPRS, It has been shown that the most promising candidate for

etc. The straightforward approach is to intergrade multip% n;::gi:ipsalrd ';i?slzfcrhireccﬁgfgt:wriﬁi:ii;r(laes t?]lée:é;zz\;ers(;%n
links, one for each standard. The disadvantage of this approgl1 f [1]. ry

is that the cost of the system can be high due to the large aro components, hence it reduces the cost, and provides the

needed to integrate all the individual receivers. Additionallﬂeeded multi-mode flexibility by constructing the Low Pass

for every new standard, a new receiver should be implement?élters (LPF) variable. There is two variations of this architec-
increasing further the cost due to the longer design tim .r’e: i) The Direct Conversion receiver with Zero Intermediate

Therefore, the need for smaller and cheaper receivers dictat<5t qt?)cv?{F(zero'lF) and) the Direct Conversion receiver
that we have to shift from the conventional single—standa}% '

receiver to a multistandard one. This means that a sin%eIn the Direct Conversion receiver with Zero-IF (fig. 1) all

receiver should be able to handle more that one standard. '€ potential in-band channels are translated from the carrier
The final solution to this problem may be the Softwar(q.irectly tc_) bgseb_and using a single mixer stage, before_ any
Radio, which essentially consist of an antenna, an Anal§ annel f|!ter|ng is performed.'AII.the_energy from undesired
to Digital Converter (ADC) and a Digital Signal Processof annels is removed by on.-chlp fll.terlng. at bageband. i
(DSP). All the signal processing needed for a given standard js' '€ Problem that associates with this architecture is that
performed in software. The main bottleneck of this approachf&® Local Oscillator (LO) is at the same frequency as the RF

the complexity and the very high power consumption requiré@mer and this may lead to LO leakage either to the mixer or

by the ADC. to the antenna. This results to a time-varying DC offset that
reduces the dynamic range of the receiver. Hence, a DC offset
The work is sponsored by Stichting Technische Wetenschappen. calibration method should be employed.
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change the area of an ADC after its fabrication. By using
them as unity vectors, we can write:

Per formance = (a)-speed+(b)-accuracy+(c)-power (1)

The weightsa, b andc are factors that depend on the given
ADC. Therefore, every ADC, programmable or not, can take
place in the performance space, as it is depicted in figure 3.

Fig. 1. Direct Conversion receiver with ZIF

Power\

In the Direct Conversion receiver with Low-IF (fig. 2) a
similar conversion is performed, but now the single mixer is
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used to translate all the in-band channels to a low intermediate
frequency. b -
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Fig. 3. Performance space

P
Low-IF . . .
i The points in the performance space can be continuous or
A K discrete. By using the performance space, we can define the
12 N 23 N 23

: Flexibility as the ability of a system to place itself in a specific
point of the performance space, under the action of a given set
of control signals These signals can be provided by the end-

Typically, this IF is of the order of magnitude of one orser based ompriori knowledge or can be generated by the

two channel bandwidths [2]. One of the problems with th%ystem b"?‘s.ed ogposterlon knowledge. The term fI§X|b|I|ty
. . . N can be divided in two terms, nameRrogrammability and
Low-IF receiver is that the desired carrier is down-convert

to a low-IF and hence, an image-rejection technique should bgconflgurablhtyProgrammab|l|ty Is the ability of a system .
. " . ) . : - 1o change at least one of its parameters (for example the bias
applied. Additionally, this receiver architecture requires higher

ADC performance with respect to bandwidth and resolutlonc.urrem) .andRec_:onﬂg.u rap|llty |s_the ab|I|ty Of. a system to
. o . . . change its configuration in architectural/circuit level.
According to take a decision for which architecture is more . .
. . . .~ The usefulness of a P/R ADC lies on the fact that it can be
suitable for a multistandard terminal, we have to take in,. L
. adjusted to posses more that one point in the performance
account the standards that we want to implement. It has bese Lce. That means one ADC can cover N points. On the
proved [1] that the Zero-IF architecture is more suitable fop Ace- P )

some standards, like WLAN and UMTS, when the I_OW_Ir_contrary, a conventional (non-flexible) ADC possesses a spe-

is more suitable for some other standards, like GSM ar(fclpc point in the perfor_mance space, meaning that we need N
. . . stems to cover N points. In a flexible ADC, the only concern
Bluetooth. Therefore, a flexible receiver that implements bo : - .
T .~ ~of the end-user is the position of the system in that space.
the Zero-IF and Low-IF seems the most promising solution.
It is clear that all the blocks of the multistandard terminaB. Identification of the performance space and the ADCs’
RF filter, Low Noise Amplifier (LNA), Mixer, LPF and architectures
ADC should have more or less some Programmable and/oiazccording to decide which of the ADC architectures are

Reconfigurable (P/R) options. In the rest of this paper Whore useful and worthy to add flexibility options to them, we
concentrate on the P/R capabilities of the ADCs and wgouid take into account the specification requirements of the
discuss the potential alternative implementation solutions. mopile telecommunication standards with respect to the ADC.
I1l. PROGRAMMABILITY AND RECONFIGURABILITY IN The following figure (fig. 4) p.resents_ the specifications and the
ADCsS standards from the ADC point of view.
We can observe that most of the mobile telecommunication
standards are clustered in the range of resolutions between
Hereby we give some definitions concerning the pr@bits and 14bits. The figure below (fig. 5) gives us the speed
grammability and reconfigurability (P/R) in the ADCs. and resolution area that can be optimally covered by each of
Performance spaceis the space produced by the perforthe commonly used ADC’s architectures.
mance meritspeed accuracy power consumptianThe area By combining this two figures, we can identify the ADC
has been exclude from the performance merits, since in thichitectures that are commonly use in mobile telecom-
study we concern about P/R ADCs and it is impossible tounication applications and, hence, we should study their

Fig. 2. Direct Conversion receiver with Low-IF

A. Definitions
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input capacitance, is the use iofterpolation The following
figure 7 depicts two methods of interpolations that essentially
serve the same function.
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Fig. 5. Speed and resolution of the common ADC architectures
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programmability and reconfigurability capabilities. They are, —

namely: 7@
o Folding/Interpolating ADCs Ve

» Pipelined ADCs

o AX ADCs
v

Additionally, it is worthy to include in our study the e
Flash ADC, since it is an essential building block of the @) ®)
aforementioned architectures.

Fig. 7. (a) Resistive and (b) latch interpolation
IV. IMPLEMENTING PROGRAMMABILITY AND

RECONFIGURABILITY IN ADCs How extensive is the interpolation is quantified by the

By identifying our target ADC architectures we reach thinterpolation Factor (Fry7). Interpolation factor of two,
question of which functions of each architecture could h@eans that we double the signals after the preamplifiers using
programmable and/or reconfigurable. The criteria accordiingerpolation. In such a way we increase the resolution of the
to choose flexible techniques are the maximum coverage AIDC by one bit. Additionally to the reconfigurable interpola-
performance space by the same P/R ADC and the minimdin we need to implement programmable gain preamplifiers,
performance penalty due to the introduction of these tecfince unsaturated analog outputs are necessary for the proper
nigues. operation of the latches. By doubling the number of latches
the speed reduces approximately by a factor of two. Therefore,
A. Flash ADCs in the Flash ADC architecture we can identify the use of

The following figure (fig. 6) presents a typical flash ADCreconfigurable interpolation and programmable preamplifiers’
It consists of a reference ladder, rows of preamplifiers am@in as techniques that can lead to a P/R ADC [3].
comparators and a encoding logic. The preamplifiers ampli ) ]
the difference between input and reference voltage and ll%/e Folding/Interpolating ADCs
comparators resolve the thermometer code. For a N bits weThe Folding/Interpolating ADCs have been proposed [4]
need2” —1 of such rows. A common technique to reduce thas an alternative to flash architecture, according to alleviate
number of the input preamplifiers and, hence, to reduce tthee exponential increasing complexity and the high input
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capacitance for resolutions higher that 6 or 8bits. A typicéistead of four folding blocks, we can achieve a resolution of
representative of this architectures, which resolves 8bits, 1i6bits § - 8 - 16 = 2!°). The folding and/or the interpolation

given in the following figure (fig. 8). can be carried out in more that one step, in a cascade way,

[5]. This does not influence the generality of the formula and

— the conclusions of this study.
— Folder || j% 5 Additionally, the aforementioned P/R options are necessary
8 :[}— g‘a to be coupled with P/R flash converters (coarse and decoding
— Folder || % 2 g fine bits blocks), employing techniques that has been described in the
Vi, ? g §c3 (5 bit) previous section.
— ag Output C. Pipelined ADCs

] Folder |- ' The pipelined ADC architecture is one of the most success-

Extra bt ful architecture for telecommunication applications (fig. 10).

Bit It is an excellent combination of high-speed operation with

Toms | OYNC | MsBs low-power capabilities.

Fig. 8. Folding/Interpolating ADC N —s] sTAGE STAGE
1 2

] STT(GE

The distinctive blocks in this figure are the folding and | || | || 1
interpolating blocks that perform an analog signal processing By b'fs B, bits N
operation. The main advantage of the folding technique is the RESIDUE
reduction of the number of the comparators. The interpolation . N\ ’
technique, as in the case of the flash ADC, is used according w—sf sm _@__[>_ our
to generate more signals without the use of more folders. L J R

ADC DAC
n; bits

The coarse ADC and the decoding block are consist by flash
ADCS.

The figure below (fig. 9) shows a typical folding CMOS
circuit.

Fig. 10. Pipelined ADC

RL R
Folding Factor Fg =8 %_Vm Furthermore, it provides high modularity and regularity that
* can be used according to implement P/R ADCs.
In [6] a flexible ADC is proposed, based on identical
building blocks and an interconnection network (fig. 11). For
Viern Vierz Vierr Viets the sake of clarity the figure depicts a 6x6 matrix, but its

F H |—< H.. ’—1 H ’—( H size can vary depending on the applications that it should
18 Ig [ I

lout l l 1 lout

cover. This design exploits the modularity of the pipelined
architecture, along with its property that the number of the
components grows linearly with the resolution.

Fig. 9. CMOS Folding circuit o5

The level of folding is quantified by th&olding Factor
(Fr), which in the figure above is equal to 8. Given the
folding factor, the number of folding blocksVzg) and the
interpolation factor £7x7), we can prove a formula (eq. 2)
that connects these quantities with the total resoluthddndf
the ADC.

>
PEY Y ey e e et

Fig. 11. Flexible ADC matrix

2V = Fr - Npp - Fint 2

Therefore, by implementing these quantities programmable
and/or reconfigurable, we have the ability to effect the ADC’s The key idea is the use of a number of building blocks
resolution. For example, we can implement an 8 bit Foldr series and/or in parallel. By adding or removing building
ing/Interpolating ADC with Fr=8, Nrg=4 and F;y7=8, blocks, using switches, we can increase or decrease, respec-
(8-4-8 = 28). By increasing theF’; v to 16 and using eight tively, the resolution. Using this matrix we can implement
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several configurations, aiming for different performance re- 130 ; T ] =°<3ﬂ"23!503e2
quirements (speed/accuracy), namajystandalone ADCii) 120w : : 0284
Time-Interleaved ADC,iii) Cyclic ADC and iv) Pipelined 110 Ao

ADC employing averaging [6]. 100f v [Joz82
According to use effectively this reconfigurable matrix, :
we should employ several programmable techniques. The
bias current of the building blocks’ amplifiers can be self- 70
adjustable, proportional t@) the position of the block in the
pipelined chain andb) the sampling frequency, as it has been

SNR, [dB]
[(e]
(=]

proposed in [7]. Similar techniques can be applied to the sub- a0 o : :
ADCs. Moreover, the building blocks that are not in use during 8 16 & 64 128
the operation of a given configuration can be switched-off to

save power. Fig. 13. Single- and multi-bit, single loopAX> ADCs
D. AY ADCs

The AY ADC architectures offer means to exchange resto. The interest point is that the rise rate is steeper if we use
lution in time for that in amplitude so as to avoid the desighigher order loop filter, since we have more aggressive noise
of complicate precision analog circuits [8]. This propertghaping, but only for high OSRs<(6). Furthermore, using
becomes even more attractive for the future technologiesore bits in the ADCs and DACs we expect improvement in
where the amplitude resolution is reducing in favor of thdynamic range), or, alternately, for a given dynamic range an
time resolution. increase in bandwidth since we can reduce the OSR. These

The ADC conversion can be performed in one step, by oimaprovements stem from the higher allowed overload levels
noise shaper, or in more steps. For example, the followingcomparison to the single bit noise shaper. Additionally, one
figure 12 depicts two cascaded noise shapers, implementingre benefit of using multibit ADCs and DACs is that they
an architecture called MASH (multi-stage noise-shaping). Th@prove the stability of the noise shaper.
final output is formed by a linear combination of the individual Therefore, by using such graphs that covers three out of

noise shapers’ outputs. four of the above enumerated P/R options, we can decide
the architecture and the combination of parameters that are
D buiot SO needed to fulfill the performance requirements of a given

multistandard terminal. On the top of these options, we have
the potential of using more that one noise shaper in a cascaded
way (in a similar way as in the pipelined ADC case). The big
benefit is that we can achieve high order shaping by using
Digital | Digitalout unconditional stable loop filters, which is particular important
Processing when the stability is a major concern.
By employing the aforementioned options to implement P/R
AY. ADCs, we have to take into serious consideration the
existing trade-offs.

1) For n additional bits of accuracy, we have to increased
the OSR by22". Therefore, for high OSR we have to
compromise the analog BW of the converter or we reach

Analog in Digital out1

Y

Digital out2

Fig. 12. MASH ADC the technological limit in speed/accuracy.
) ) ) 2) Increasing the order of the loop filter, we compromise
A noise shaper consists of a loop filiéf(z), an ADC and the stability resulting in serious degradation of the SNR.

a Digital to Analog Converter (DAC) in the feedback l0op. In - 3y |ncreasing the number of bits in the ADC we start having
the AX ADC architecture we can identify four different P/R problems with the DAC's accuracy, since, while the

options, namely: ADC lies in the forward path and hence is less sensitive,
1) The OSR (Oversampling Ratio). the DAC operates in the feedback path. The linearity of
2) The order of the loop filter. the DAC should be at least as good as the linearity of
3) The number of bits in the ADC and DAC. the wholeAY converter.
4) The number of cascaded noise shapers in MASH struc-4) The number of cascaded noise shapers is limited by the
tures. required matching between the circuitry that implements
The following figure (fig. 13) shows the achievable per- the noise shapers (e.g. OpAmps). This happens because
formance for converters with a single loop [9]nBm is an the noise cancellation occurs in the analog domain. In
nth order noise shaper witm-bit ADC and DAC. The graph general, we cascade no more than two or three noise

shows clear that by increasing the OSR, the SNR increases shapers.
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In literature can be found numerous techniques that ease
one or more of the above mentioned problems. For example,
according to improve the linearity of the DAC we can employ
Dynamic Element Matching (DEM) [10] or Digital Correction
[11]. Likewise, we can use adaptive digital correction [12],
[13] to solve the mismatch problems of the MASH ADCs

V. CONCLUSIONS

In this paper we review the receiver architectures that are
suitable for multistandard use and we highlight the need for
Programmable and/or Reconfigurable building blocks. Since
our focus point is the Analog-to-Digital Converter, we identify
the ADC's architectures that are most commonly used in
the telecommunication applications, depending on the require-
ments, and we conclude that the P/R ADCs become a necessity
in the modern multistandard terminals, since they can lead to
lower power and smaller area. We propose a set of ADC'’s
architectures that can cover the wanted performance space
and finally, we identified the P/R options for each one of the
architectures.
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