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AX Data Converters in Wireless Systems

Typical Applications in Wireless Systems

AX ADCs: * Receive Demodulation
* Received Signal Strength Measurement
e Audio CODECs

AY DACs: * Audio CODECs

Fractional-V PLLs:  « Local Oscillator Synthesis
* Transmit Frequency/Phase Modulation

Reason for Wide-Spread Use in Wireless Systems

Often need very high-precision data conversion over bandwidths that
are narrow compared to practical sample-rates [!]

Outline

e A Brief, Self-Contained AX ADC Overview

Delta-Sigma ADCs in Wireless
Transceivers



Ian Galton September, 2003

Quantizer Example

Most AX modulators involve feedback around uniform quantizers (%]

Example: a 9-level uniform quantizer
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Quantizer Example

Such quantizers alone do not have well-behaved quantization noise:
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AX Modulator Example B!

quantizer

A second-order AX modulator using the same 9-level uniform

x[n]

_ | 9-Level

Delay

" | Quantizer

V=
=

Can show:

yn]=x[n-2]+e [n]-2¢,[n—1]+e [n—-2]

zeros whereas the signal is just delayed

~
AX Modulator Quantization Noise

Idea: The quantizer noise, e [#], is subjected to two zero-frequency

= Quantization noise power is mostly at high frequencies

6

AX Modulator Example

behaved quantization noise: [4-°]

Unlike the 9-level quantizer alone, the AX modulator has well-

48 kHz sinusoid plus white . a), b : c
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An ADC Based on the Example AX Modulator

_| Mixed-Signal o posial _
"] AT Modulator o cimation -
Filter
A% ADC ‘
Delaying Delaying
— Switched-Cap Switched-Cap 92};‘&“ >
Integrator - Integrator

8 1-bit Mismatch-

DACs Shaping Digital
| 2x) Encoder

Mixed-Signal AX Modulator

* AX sample-rate >> Nyquist rate
= AZX output = lowpass desired signal + highpass quant. noise
= Decimation filter removes most of the quantization noise

* Mismatch-shaping minimizes in-band error from DAC step-size
mismatches [7-2] 8

Other AX Modulator Options:

Single-Bit Quantization: [2!-2]

Avoids need for mismatch-shaping DACs. Used to be the norm
prior to the invention of mismatch-shaping DACs. Still used
frequently.

Higher-order Quantization Noise Shaping: [23-2]
Used to further suppress in-band quantization noise.

Bandpass Quantization Noise Shaping: [26-2°]
Used in ADCs to efficiently digitize signals in narrow bands
away from dc.

Continuous-time loop filtering: 13033

More difficult to design, but sometimes used in ultra-low power,
or bandpass applications.
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Outline

* The Receiver Demodulation Problem

Demodulation Tasks [39-401

RF Signal Spectrum:  Unwanted  ~—~<
RF Interferers{ \

Real
Axis

Imaginary
Axis

Tasks:

* Remove Interferers
* Downconvert real and imaginary parts of desired RF signal to

“manageable” frequencies .
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Quadrature Demodulation

Desired RF Signal and Demodulated In-Phase and Quadraty

Interferers: Components of Desired Signal:

0 Frequency

0 Frequency

Phase of desired signal’s carrier is arbitrary, so must preserve both
real and imaginary parts

= Demodulation to dc (or near dc) requires two output signals:
“in-phase” and “quadrature”

Demodulation Challenges

Unwanted T
RF Interfererslf N

Real
Axis

Imaginary
Axis

& 4 / .
~—___~ \ Desired RF Signal

* Desired signal can be very small (e.g., -104dBm or 2uV peak
amplitude for GSM)

* Interferers can be very large (e.g., -23dBm or 22mV peak for GSM)

13

Delta-Sigma ADCs in Wireless
Transceivers

=

e



Ian Galton September, 2003

Significance of Potentially Small Desired Signal

* Need high-gain amplification prior to ADC S/H

* Noise performance of initial amplifier stages is critical

GSM Example:

Minimum Discernable Signal at antenna connector = 2uV peak
Minimum SNR required at detector =9dB
Two-sided 3dB signal bandwidth ~ 160kHz

= Maximum input referred noise = 1.3nV/+/Hz

Significance of Potentially Large Interferers

» Amplification and downconversion stages prior to attenuation
of the interferers by channel filtering must have high linearity
(how linear depends on demodulator topology)

 Phase noise of local oscillator used in downcoversion process
must be very low (e.g., -140dBc/Hz at 1.6MHz in GSM)

* Dynamic range of demodulation circuitry (and possibly the
ADC) must be large (e.g., ~ 100dB in GSM)

Delta-Sigma ADCs in Wireless
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Effect of Third-Order Receiver Non-Linearity

PSD of two RF interferers after a third-order non-linearity:

(10dB/Div)|

R‘F nter;erers

1

(200kHz/Div)
RF

* Intermodulation product from interferers at Af' and 2Af from
desired signal frequency corrupts desired signal

* Similar situations with higher-order odd non-linearities, but
effects are usually reduced (amplifiers and mixers tend to be
“weakly non-linear”)

16

Effect of Even-Order Receiver Non-Linearities

PSD of an AM interferer after even-order non-linearities:

(10dB/Div)
RF (AM) Interferer

/

Even4Order > >

Niet H
UISLOMort

/
\ /] Noise Fig
|

0 (200kHz/Div)

* Have distortion at dc regardless of interferer frequency

+ Differential circuits can suppress such distortion up to about
35dB

* Second-order distortion is usually most significant
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Outline

¢ Nyquist-rate ADCs Versus Oversampling AX ADCs in
Receivers with Quadrature Baseband Demodulation

Direct Conversion Quadrature Demodulation 13%-41.57]

Antenna In-Phase

; —\ Component

f
0° RF
/_\ > 90° | @ Quad
uadrature
Loose LNA Component
Band Seclect _\ =5

Filter

Baseband Channel
Selection Filters
and amplifiers

Advantages:
* Avoids (expensive) off-chip filters
» With digital channel filtering, facilitates “software radios”

Disadvantages:
* Sensitive to (2" and 3 order) non-linearities in baseband
amplifiers (because large interferers still present)

* Prone to errors from “local oscillator self-mixing”
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Superheterodyne Quadrature Demodulation 139-40]

Antenna In-Phase

1 ; —\ Component
(o]
N\ NH>A pl &
Quadrature

SAW

Loose

Band Seclect Filter _\ Component
Filter —
f f Baseband Filters
o1 Lo and amplifiers
Advantages:

» Low distortion, low noise, passive bandpass filters attenuate
interferers prior to baseband circuitry
= greatly reduces baseband linearity requirements
= eliminates local oscillator self~-mixing problem

Disadvantages:

* Requires (expensive) off-chip passive components
* Requires careful frequency planning to limit spurious responses

20

Quadrature Baseband Sampling Options

Antenna | _\ ADC

RF Stage

and Baseband
IF Stage(s) Digital
and

) Signal
Conversion to Processing

Baseband
Q N\ ADC

* Option 1: Channel selection/shaping filter is continuous-time
analog

* Option 2: Channel selection/shaping filter is partly digital

21
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Quadrature Baseband Sampling Option 1

Antenna | _\ ADC

RF Stage

and Baseband
IF Stage(s) Digital
and

. Signal
Conversion to Processing

Baseband
Q N\ ADC

Option 1: Channel selection/shaping filter is continuous-time
analog

» symbol-rate < sample-rate < Nyquist-rate of channel

* ADC Precision: < 4-10 bits

22

Option 1 Example

An IS-95 receiver based on the Qualcomm RFR3100, IRF3000,
MSM3100 chip set:

Antenna

T 954.38-979.38 MHz
/\ 4| >—/\ A’é)—' /\ PWM
Duplexer LNA RX Band-Select 85.38MHz 1 ggjiitt
SAW Filter SAW Filter TT Signals

_\ 4 bit
| ADC
Baseband
. Digital
+ 24=170.76MHz 9.8304MHz Signal
Processing
AGC Amp
-45dB to 45dB ,\ 4 bit
_\ | ADC |
7th—Order Elliptic 8 times oversampling to
Final Channel- provide 8 time-shifted
Select and samples to the RAKE
Shaping receiver
Filters
23
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Quadrature Baseband Sampling Option 2

Antenna | _\ ADC

RF Stage

and Baseband
IF Stage(s) Digital
and

. Signal
Conversion to Processing

Baseband
Q N\ ADC

Option 2: Channel selection/shaping filter is partly digital
* sample-rate > Nyquist-rate of channel

* ADC Precision: > 4-10 bits

24

Option 2 Example
Agere Systems (Lucent Sceptre™) GSM receiver topology: [41-43]
Antenna
T 996-1032 MHz
Duplexer LNA LC Filter Gain:  71MHz Gain:
Gain: 8dB SAW Filter 0-60dB
0, 20dB 4dB steps
g 2nd Order | 1 cOmg 48 FIR Equal./
_\ Delta-Sigma Dec. Filter Shaping Filt[™]
5 l I ! l I ! Baseband
O 1+ de28amHz 13MHz 270.833KkHz Digital
90° ignal
| | | | | | Processing
2nd order | 1 [ ComBy 48| .[FIR Equal./
_\ Delta-Sigma Dec. Filter Shaping Filt[™]

Qci\tive Gain:
0-18dB, . §
Fiters 2a8steps ADC dynamic range = 60 dB
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AY ADCs in Quadrature Demodulator Receivers
AY. Modulator Output PSD:

Interferers
-50 ; ; ; :
dBV/Hz_GO* { |

& 2nd Order

L Delta—Sigma
-1 Quantization
| Noise

Desired Signal

10° 10° 10’ Hz
* Oversampling and good linearity of AX ADCs
= Interferers don’t “fold down” onto desired signal
= Channel filtering can be mostly digital

* Low out-of-band precision of AX ADCs
= Don’t waste power and area accurately digitizing interferers

26

Analog Versus Digital Filtering [42-5

In general, increasing the percentage of filtering performed digitally
in a receiver implies:

1) The ADC sample-rate must increase
2) The ADC dynamic range must increase

3) Less analog filtering = interferers and are less attenuated prior
to the ADC = the linearity of the IF and baseband stages
must increase

4) Less gain is required prior to the ADC, and dc offsets from
the radio are less of a problem = greatly eases the design of
direct conversion receivers

27
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A Direct-Conversion Option 2 Example 144-4¢]

Analog Devices Othello™ GSM/DCS Receiver:

925960 MHz Demodulator I

/_\ SAW Filter (with coarse

dc offset

GSM/DCS—|\ cancellation) th 1
TR /‘\ \ S-C 4% Order| , Q
Duplexer Switch —NA | ™| Filter [™]AZ Mod.
3rd Order [ [

Chebsychev 26 MHz 13 MHz
Filters

r From Transmitter
T TR /‘\ L L \ S-C 4% Order 1
J Switch LNA Q > ™ Filter ™1 AY. Mod.

1805-1880 MHz N
SAW Filter RF PLL

Relaxed analog filtering = Required ADC dynamic range = 80 dB

In this and other high-performance direct-conversion receivers,

AY ADCs have proven to be enabling technology [44-46, 56-59] »

ADC Performance Extremes: GSM Example

Full Digital Channel Selection: Full Analog Channel Selection:
Ant | Ant - Ideal |
ntenna ADC b ntenng = {E2 el ADC | pp!
- Ideaclj | Select filt.
Band-Selegt
Filtering Bfgfﬁand - ideal B%Si;aabland
deal 35MHz Signal Automatic 270.833kHz Signal
- Ideal ; gain control ;
Conversion Processing Processing
to Basebang - Ideal
Q / ADC —s Conversion [/ apc by
to Baseband
S~— AN S—AMN——
Oversampling ADCs: Nyquist Rate ADCs:
OSR =128, In-band SNR = 90dB (min) SNR = 9dB (min)
Relevant GSM Specs:

* MDS = —104dBm
* Required SNR at decoder = 9dB
* Maximum in-band blocking signal = —23dBm

In practice, non-ideal radio performance tends to increase the ADC

requirements above those shown here.
29
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Conclusion

Have Provided Tutorial Coverage of:

* AX data converters

* The receiver demodulation problem

* Receivers with quadrature baseband ADCs

* Why AX ADCs help make direct conversion receivers practical

Important Topics Not Covered for Lack of Time:

* Receivers with intermediate frequency bandpass ADCs [4-53]

* Audio CODECs

* Local oscillator generation and transmit modulation using
fractional-N PLLs [34-3%]

30
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