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Context

■ Internet of Things (IoT): processing of multiple signals with a wide range of power at the
receiver at lower power consumption [1][2].

■ The sensibility of the receiver strongly depends on its dynamic range (DR) which is
theoretically directly linked to the ADC resolution [3].

(DR)dB = 20 log10
(System Full Scale
Minimum Value

)
■ DR have been studied a lot in Compressive Sensing [4], [5] and Communications [6].

ADC requirements already studied for a single signal [7, 8, 9], BUT
How to size the ADC resolution placed just after the analog front end of digital receivers in
oder to process more than one single signal with high power ratio between them?
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Sizing the ADC resolution in presence of two signals

Minimum resolution for a single tone signal reception

■ x(t) be a sine wave of amplitude A
■ Quantization step:

q = FSR
2res

■ Signal to noise ratio:

(SNR)dB = 6.02res +1.76+20 log10
( 2A
FSR

)
■ Dynamic range:

DR|dB = 20 log10
(FSR

q

)
= 6.02× res
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■ ADC resolution requirement:

res ≥ (DRinput)dB
6.02
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Sizing the ADC resolution in presence of two signals

Two simultaneous analog signals - Vallerian approach [10]
■ Vallerian & al. [10] define the dynamic range as:

DRws = 2resws q = (xw +xs)
p
2

K
Ï xs and xw are respectively the RMS value of the strong and weak signal.
Ï K is a scaling factor introduced when a signal is not ranging the full scale.

■ The weak signal to quantization noise ratio (SNRw ) can be obtained as:

SNRw = xw
εRMS

=K xw
xw +xs

2resws+1
√

3
2

■ Considering the SNR value when a single weak signal is received in order to find the
necessary ADC resolution to digitize simultaneously a weak and strong signal leads to:

resws = resw + log2
(
1+ xs

xw

)
− log2(K )

with resw = 5 the resolution for a single weak signal in [10]
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Sizing the ADC resolution in presence of two signals

Two simultaneous analog signals - Vallerian approach [10]
Drawbacks
■ 21 bits are required to achieve a 100 dB dynamic range depending on the value of K .
■ It is also troubling the resolution resws is deteriorated compared to the one in [3] for a

single weak signal reception.
■ In fact, some primary results (developed in the next section) shows the opposite with an

enhance dynamic range in that particular case.
■ These observed minimum ADC resolutions for the correct reception of two signals are

overvalued.
Objectifs
■ To discuss a new resolution requirement for a given power ratio which is defined as the

ratio between the full-scale and the weak signal.
■ In this way, the dynamic range can be seen as the maximum poser ratio achievable

without the loss of the weak signal.
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Sizing the ADC resolution in presence of two signals

Observations of strong and weak signals - 12-bits ADC resolution
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■ The weak signal is still visible even with a power ratio greater than (DR)dB = 72dB.
■ A signal with (PR)dB = 20 log10 (FSR/Ai)= 72 dB alone (o) cannot be seen while it can

be received when carried by a strong signal (∗)
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Sizing the ADC resolution in presence of two signals

Quantum limitations and signal carriyng

■ The ADC is fed by y(t)

y(t)= xi(t)+xc(t)

where
Ï xi (t)=Ai sin(2πfi t +φi )

(intra-quantum)
Ï xc(t)=Ac sin(2πfc t +φc) (carrier)
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Even if the intra-quantum is digitized, a new limit appears: the quantization noise floor
introduced by the digitization of y(t) in its spectral representation
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Sizing the ADC resolution in presence of two signals

New metric to detect an intra-quatum signal

■ This metric is estbalish considering the power spectral density of the quantization noise:

y(nTs)= xi(nTs)+xc(nTs)+nq(nTs)

with Ts the sampling time and nq(nTs)∼NR(0,σ2q = q2

12) the quantization noise [11][12].
■ The noise floor is :

W |dBFS =−6.02× res −10 log10(N −3)+1.24

■ The variance of the periodogram of a complex white noise process w [n] with variance σ2w :

Var[P̂w (ejw )]=σ4w [13][14]

Di |dBFS = W |dBFS−10 log10


(

q2

12N

)2
W 2

 [15]
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Sizing the ADC resolution in presence of two signals

New metric to detect an intra-quatum signal

■ This metric is estbalish considering the power spectral density of the quantization noise:

y(nTs)= xi(nTs)+xc(nTs)+nq(nTs)

with Ts the sampling time and nq(nTs)∼NR(0,σ2q = q2

12) the quantization noise [11][12].
■ The noise floor is :

W |dBFS =−6.02× res −10 log10(N −3)+1.24

■ The variance of the periodogram of a complex white noise process w [n] with variance σ2w :

Var[P̂w (ejw )]=σ4w [13][14]

■ Signal power requirement according to the ADC resolution and for N = 4096

res (bits) 6 8 10 12 14 16
Di |dBFS -40 -59 -77 -95 -113 -130
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Sizing the ADC resolution in presence of two signals

New metric to detect an intra-quatum signal

■ This metric is estbalish considering the power spectral density of the quantization noise:

y(nTs)= xi(nTs)+xc(nTs)+nq(nTs)

with Ts the sampling time and nq(nTs)∼NR(0,σ2q = q2

12) the quantization noise [11][12].
■ The noise floor is :

W |dBFS =−6.02× res −10 log10(N −3)+1.24

■ The variance of the periodogram of a complex white noise process w [n] with variance σ2w :

Var[P̂w (ejw )]=σ4w [13][14]

■ Limitation: it is based on the detection of the intra-quantum signal through a FFT
representation

■ Advantage: it allows us to have an idea of the minimum magnitude that can be detected
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Sizing the ADC resolution in presence of two signals

Comparison between ADC resolution sizing methods
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Digital communication signals
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Digital communication signals

New context, new metric and some definitions
■ The complex envelope of the sampled transmitted signal is:

sl(nTs)=
K−1∑
k=0

akg(nTs −kT )

Ï ak = Ik + jQk with Ik ,Qk ∈R
Ï T represents the symbol time with T >>Ts
Ï g(t) is the baseband square-root Nyquist shaping filter

■ The transmitted intra-quantum signal is:
xi(t)=Ai sli (t)exp(2πfi t +φi)

■ The transmitted carrier signals is:
xc(t)=Acslc (t)exp(2πfct +φc)

■ Power ratio between the ADC full-scale and the amplitude of the weak signal

(PR)dB = 20 log10
(FSR

Aw

)
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Digital communication signals

Simulations results with constellation representation

-1.5 -1 -0.5 0 0.5 1 1.5

-1.5

-1

-0.5

0

0.5

1

1.5

Constellation comparison for QPSK modulation with a 12-bit ADC, Fs ×2 and a 72 dB power ratio
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Digital communication signals
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Constellation comparison for QPSK modulation with a 12-bit ADC, Fs ×2 and a 75 dB power ratio
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Digital communication signals

EVM evaluation

■ EVM (Error Vector Magnitude) definition:

EVMRMS(%)= 100×

√√√√ 1
K

∑K
k=1 ek

Pavg

where ek = (
Ik − Ĩk

)2+ (
Qk − Q̃k

)2
Ï Ik and Qk represent resp. reference in-phase and quadrature values
Ï Ĩk and Q̃k represent in-phase and quadrature received symbols.
Ï Pavg is defined as the average expected constellation power
Ï K the vector length.

Power ratio 72 dB 75 dB
EVM carried signal 12 % 20 %

EVM non-carried signal 14 % 96 %
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Digital communication signals

BER results with quantization noise

■ In this first case, we only consider the quantization noise.
■ BER is commonly evaluate as function of the signal to noise ratio. In our case we

consider the PR where only the weak signal varies.
■ The processing gain, 10 log10(N

2 ) for a spectrum analyzer, can also be expressed by using
the sampling frequency Fs and the signal bandwidth B [16]:

10 log10
( Fs
2B

)
■ It leads to a new definition of the Dynamic Range limit:

Di |dBFS = W |dBFS−10 log10


(

q2B
12Fs

)2
W 2
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Digital communication signals

BER results with quantization noise
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BER comparison between the weak non-carried signal and the weak carried by a stronger one for QPSK
modulation with a 12-bit ADC and for different sampling frequencies
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Digital communication signals

BER results with thermal noise
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BER comparison for QPSK modulation with a 12-bit ADC, Fs ×2
and different power ratios: single signal reception
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Digital communication signals

BER results with thermal noise
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BER comparison for QPSK modulation with a 12-bit ADC, Fs ×2
and different power ratios: carried signal reception
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Influence of the carrier signal properties
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Influence of the carrier signal properties

Strong Signal power limit - Observations
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Spectral (a) and time-domain (b) representation with N = 4096 FFT points of a dual tone signal with a
weak signal at −92 dBFS, the strong signal at 0 dBFS and 12-bit ADC resolution
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Spectral (a) and time-domain (b) representation with N = 4096 FFT points of a dual tone signal with a
weak signal at −92 dBFS, the strong signal at −70 dBFS and 12-bit ADC resolution
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Influence of the carrier signal properties

Inherent noise as carrier signal

■ Electronic noise like the thermal noise.
■ Before the quantification, the sampled

signal is:

y(nTs)= xi(nTs)+nl(nTs)

with nl(nTs)∼NR(0,σ2n)
■ Spectral representation with N = 4096

FFT points, intra-quantum signal at −92
dBFS, SNR = -70 dBFS and res = 12-bit
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The position of the noise is coherent with the chosen SNR considering the FFT processing gain
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Influence of the carrier signal properties

Comparison of carrier signals

What is the percentage of intra-quantum signal detection as function of the carrier signal:
nl(t) or xc(t)?

PR|dB = 20 log10
(FSR
2Ai

)
Percentage of detection for different carrier signals and different power ratios

PR (dB) 70 75 80 85 90 95 100
xc(t) (-1 dBFS) 100 100 100 100 96.4 7.5 1.3
xc(t) (-10 dBFS) 100 100 100 100 94 4.6 0
xc(t) (-30 dBFS) 100 93.9 91.1 9.3 0 0 0
nl(t) (-70 dBFS) 100 99.9 99.7 98.1 9.7 0.2 0.2

A 12-bit ADC and N = 4096 was considered. It means that, for the 70 dB column, the weak
signal is not intra-quantum since 70< 72 dB.
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Influence of the carrier signal properties

Comparison of carrier signals

■ Strong signal chosen as carrier:

y(nTs)= xi(nTs)+xc(nTs)

■ Intrinsic noise chosen as carrier:

y(nTs)= xi(nTs)+nl(nTs)

■ SNR = -70 dBFS
■ QPSK modulation
■ Fs = 100 MHz and B = 25-kHz
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Influence of the carrier signal properties

First conclusions

1 The strong signal appears to be more interesting than the inherent noise since it
contributes only on a narrow band or, in the case of single tone signals, on a single
frequency.

2 The strong signal does not need to be close to the full-scale to carry an intra-quantum
signal even if we can observe some degradation when it becomes too weak. This result
can be explained by the quantization noise which loses its white behavior and makes the
detection by thresholding more difficult.
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Experimental Setup using Software Defined Radios
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Experimental Setup using Software Defined Radios

USRP B100 Software Defined Radio

Motherboard

SBX
daughterboard

Model ADC DAC Max Gain
(dB)

RF Carrier frequencies
(MHz)

B100 12-bit (64 MS/s) 14-bit (128 MS/s) 31.5 400 to 4400
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Experimental Setup using Software Defined Radios

USRP B100 Software Defined Radio

Intra-quantum
signal

transmission

Signal
reception

Carrier
signal

transmission
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Experimental Setup using Software Defined Radios

Weak single tone signal alone

The intra-quantum signal is adjusted so that the signal disappear on the receiver FFT

■ Observation of the theoretical
limitation of a 12-bit ADC receiver.

■ The quantum limit is still not the
theoretical one, due to the thermal
noise will also make the
intra-quantum signal cross the
quantum level.
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Experimental Setup using Software Defined Radios

Intra-quantum and carrier single tone signals

The strongest signal did not need to be necessarily close to the full scale in order to make the
weakest one cross the quantum level

■ Strong signal is generated just strong
enough to make it cross the quantum
levels.

■ Experimental results are coherent
with the simulation limit which
underlined a −95 dBFS.

■ Below this value, the intra-quantum
signal is still carried but meddled with
the noise floor and thus irretrievable
without more advanced signal
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Experimental Setup using Software Defined Radios

Digital communication case with a QPSK modulated signal

QPSK modulation with Fs = 64 MHz and B = 15 kHz
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Experimental Setup using Software Defined Radios

Weak single tone signal and IoT LoRa signal

LoRa node transmitting on a 443 MHz carrier frequency
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Experimental Setup using Software Defined Radios

Weak single tone signal and IoT LoRa signal
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Conclusion

Conclusion

■ A new way to size an ADC by its resolution is proposed.
■ The theoretical dynamic range was no longer relevant and needs to be adapted to

nowadays sampled bandwidths which include more and more signals with high power
ratios.

■ We proposed a metric based on a frequency analysis and compared the influence of the
carrier waveform.

■ Finally, these results were confronted with real transmission by using SDR hardware
[17, 18].

■ This work could be extended to the consideration of other ADC architectures such as
Sigma-Delta ADC where the quantization noise can be prevalent

■ However, even though this work underlines the overvalued ADC requirements, it will not
substitute the need of new technics to overtake the bounded ADC dynamic range such as
companding techniques [19, 20].
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