
HAL Id: lirmm-05584995
https://hal-lirmm.ccsd.cnrs.fr/lirmm-05584995v1

Submitted on 8 Apr 2026

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Copyright - All rights reserved

Low-cost Testing of 2.4GHz Receiver on Standard Digital ATE:
Practical Implementation

Thibault Vayssade, Kamilia Tahraoui, François Lefèvre, Laurent Latorre, Florence
Azaïs

To cite this version:
Thibault Vayssade, Kamilia Tahraoui, François Lefèvre, Laurent Latorre, Florence Azaïs. Low-cost Testing of
2.4GHz Receiver on Standard Digital ATE: Practical Implementation. IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, In press, pp.1-1. ⟨10.1109/TCAD.2026.3680795⟩. ⟨lirmm-05584995⟩

https://hal-lirmm.ccsd.cnrs.fr/lirmm-05584995v1
https://hal.science/licences/copyright/
https://hal.science/licences/copyright/
https://hal.archives-ouvertes.fr


Version submitted by the authors 1 

Abstract—In this paper, we present the implementation of a 

low-cost solution for the test of 2.4GHz receivers on a standard 

Automatic test Equipment (ATE). The approach relies on the use 

of a customized binary signal generated by a digital tester channel 

as the test stimulus. This binary signal is specifically defined such 

that it presents similar spectral characteristics in the frequency 

band of the Device Under Test (DUT) as a conventional analog test 

stimulus generated by an RF tester channel. Dedicated scripts are 

developed that permit (i) the selection of an appropriate sampling 

frequency for the digital channel to avoid spectral corruption in 

the DUT frequency band, and (ii) the automatic conversion of the 

I/Q data computed by the ATE in case of a conventional RF 

stimulus into a binary sequence to be stored in the vector memory 

of the digital tester channel. Experimental results are provided 

that validate the efficiency of the proposed solution, under 

different communication protocols (ZigBee and Bluetooth Low 

Energy) and signal strengths.  

Index Terms—RF test; test signal generation; digital ATE; 

receiver sensitivity test, Packet Error Rate (PER), Received Signal 

Strength Indicator (RSSI). 

I. INTRODUCTION 

he testing of integrated circuits, at the end of the 

manufacturing process, has always been a challenge as it 

involves the thorough verification of every datasheet 

specification for every single die to be sold, and so is at odds 

with the batch fabrication paradigm. It therefore represents a 

significant part of the total manufacturing cost. This is 

especially true for analog and RF components that cannot be 

tested using long-established structural methods, based on fault 

modeling, commonly used with digital circuits. These analog 

parts are instead verified functionally, and their performance 

must be physically characterized using adequate stimuli and 

measurements. In the sensitive context of RF transceivers, 

communicating over the shared resource that is the air, the 

testing must comply with industrial standards such as IEEE 

802.15.x for BLE and ZigBee technologies. 

 

Besides, the market for wireless appliances is very 

competitive, with applications ranging from networking 

infrastructures to consumer products including mobile devices, 

and a myriad of connected objects (IoT) such as sensors. In this 

context, IC manufacturers are in strong demand for innovative 

solutions to reduce the test costs. The reason RF testing is 

especially expensive is twofold. First, this is intrinsic to the 

functional testing approach as above discussed. Second, it 

involves expensive RF instrumentation both to generate stimuli 

and to measure emitters characteristics. This study focuses on 

the latter, aiming at RF receivers and stimuli generation. 

To reduce the testing costs, a number of works targeting the 

development of digital solutions can be found in the literature. 

Some of them focus on the complete transceiver [1-5] and 

among them loopback [1,2] is a very attractive solution. 

However, this solution imposes constraints of the device 

architecture, and for instance it cannot be implemented in 

products that share a common Phase-Locked-Loop (PLL) 

between the transmitter (Tx) and receiver (Rx) path. Other 

works focus specifically on the transmit chain [6-8] where the 

challenge is the analysis of the test response, or on the receive 

chain [9-16] where the challenge is the generation of the test 

stimulus. Regarding test stimulus generation, some solutions 

aim at generating analog test stimuli using digital resources 

[9,10], while others rely on the use of a binary signal as test 

stimulus for the receiver [11-16]. In case of using a binary 

signal as test stimulus, two approaches can be distinguished, 

namely (i) the generation of binary signals customized to 

determine RF performance parameters based on a model of the 

Device Under Test (DUT) [11,12], and (ii) the generation of 

binary signals customized to be representative of conventional 

RF test stimuli [13-16].  

In this work, we focus on the generation of baseband binary 

signals customized to be representative of RF test stimuli that 

are conventionally used for receiver sensitivity testing. The 

work is based on the theoretical developments introduced in 

[14] for generating baseband binary signals representative of 

FM/PM test stimuli. The approach was then extended in [15,16] 

to the case of digital modulation formats such as Binary Phase-

Shift Keying (BPSK) and Minimum-Shift Keying (MSK). 

However, validation was carried out only in a laboratory 

environment, without using an actual Automatic Test 

Equipment (ATE) nor an actual RF product (a Universal 

Software Radio Peripheral (USRP) was used as an emulation of 

the device under test). In this paper, we focus on the practical 

implementation of the proposed solution in the industrial 

production test floor. In particular, we extend our previous 

works in two main aspects:  

- A dedicated processing algorithm is developed that 
facilitates the transition from a conventional test flow that 
uses an RF channel for the generation of the test stimulus 
to an alternative test flow that can be implemented using 
digital channels only.  

- Experimental results obtained on an actual RF product are 
provided, with measurements performed on the receiver of 
a wireless microcontroller using either an RF or digital 
channel of an industrial ATE (Advantest V93000 ATE) in 
real practical conditions. Results are compared in terms of 
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Packet Error Rate (PER) as a function of the Received 
Signal Strength Indicator (RSSI). 

The paper is organized as follows. The principle and the 

theoretical foundations of the proposed strategy are presented 

in Section II. Section III describes the DUT and the 

specifications of the required characteristics for the test stimuli. 

The practical aspects for the implementation of the proposed 

solution on an ATE are detailed in section IV and experimental 

results are presented in section V. Finally, Section VI concludes 

the paper. 

II. PROPOSED DIGITAL SOLUTION 

A. Principle 

In order to reduce the testing costs, our approach is to use a 

binary sequence generated by a standard digital tester channel 

instead of the conventional modulated analog signal generated 

by an RF channel. Drastic reduction of the testing costs can be 

expected, given that there is typically a factor 50 between the 

cost of an RF channel and the cost of a standard digital channel. 

Furthermore, while there is only a limited number of RF 

channels available on an ATE, digital channels are usually 

available in quantity, offering the possibility of implementing 

multi-site testing to further lower the testing costs.  

 
Fig.1.  Principle of the proposed solution for digital generation of the test 

stimulus. 

Obviously, a binary sequence is very different from a 

conventional modulated analog signal. However, an interesting 

point is that a digital sequence has a broadband spectrum, with 

frequency components that can extend well beyond the 

operating frequency of the ATE. Indeed, a binary sequence can 

be seen as the combination of multiple square-wave signals at 

different frequencies, where each individual square-wave signal 

has spectrum that exhibits harmonic components located at 

multiples of its fundamental frequency. This means that by 

exploiting these harmonic components, there is the possibility 

to excite a device that operates at a higher frequency than the 

ATE’s operating frequency. This is of foremost importance 

because standard ATE digital channels have a limited sampling 

rate, typically 1.6𝐺𝑆𝑝𝑠, which means that the fundamental 

frequency of a square-wave signal that can be generated by 

these channels cannot exceed 800𝑀𝐻𝑧. This is a strong 

limitation, as it does not permit to address the 868𝑀𝐻𝑧, 

915𝑀𝐻𝑧, and 2.4𝐺𝐻𝑧 ISM frequency bands, which are used 

by most RF communication devices. The exploitation of 

harmonic components permits to overcome this limitation.  

However, it is not sufficient to excite the device in its 

operating frequency range. The excitation must also be carried 

out in accordance with the modulation scheme used by the 

product, i.e. with specific spectral characteristics. The major 

challenge is therefore to define the binary sequence in such a 

way that its spectral characteristics are similar to those of a 

conventional modulated analog signal in the frequency band of 

interest. Note that this compliance does not have to be ensured 

over the entire frequency spectrum, but only in the vicinity of 

the DUT operating frequency. Indeed, RF devices are narrow-

band devices that generally include filters to eliminate out-of-

band components. Alternatively, a filter centered on the DUT 

frequency band may be placed on the load board that provides 

the interface between the ATE and the DUT, if required. It 

should be underlined that this approach of exciting an RF 

device with a binary sequence is only valid in the context of 

production test, which is a controlled environment. Indeed, in a 

real-life application context, the broadband frequency 

components present in the binary sequence do not comply with 

the regulations for the use of RF devices. 

In summary, the proposed approach is based on (i) exploiting 

the harmonic components contained in a binary sequence to 

overcome the limited sampling rate of ATE, and (ii) 

customizing the binary sequence so that it exhibits spectral 

characteristics similar to those of a conventional RF test 

stimulus in the DUT frequency band. This approach is 

illustrated in Figure 1. 

B. Theoretical foundations 

The theoretical foundations supporting the proposed strategy 

were first developed considering an elementary modulation 

scheme, i.e. single-tone frequency or phase modulation [13]. 

The analysis was then extended to the case of digital 

modulation formats, considering Binary Phase-Shift Keying 

(BPSK) and Minimum-Shift Keying (MSK) [14,15]. For the 

sake of comprehension, a brief summary is provided in this 

section.   

The starting point for the definition of the binary sequence is 

to consider an angle-modulated analog signal defined by: 

           𝑥(𝑡) = 𝐴 𝑐𝑜𝑠(𝛺(𝑡)) = 𝐴 𝑐𝑜𝑠(𝜔𝑐𝑡 + 𝜙(𝑡))                              (1) 

where Ω(𝑡) is the instantaneous phase of the modulated signal, 

𝐴 is the amplitude of the carrier signal, 𝜔𝑐 is the angular 

frequency of the carrier signal, and 𝜙(𝑡) is the instantaneous 

phase deviation. The modulation scheme determines how the 

instantaneous phase deviation 𝜙(𝑡)varies. 

The first step is to submit this signal to a zero-crossing 

operation. The resulting signal is a binary signal that can be 

expressed as an infinite sum of modulated analog signals: 

𝑦(𝑡) = 𝑠𝑔𝑛[𝑥(𝑡)] 

           =
4

𝜋
 (𝐴 𝑐𝑜𝑠(𝛺(𝑡)) +

𝐴

3
𝑐𝑜𝑠(3𝛺(𝑡)) +

𝐴

5
𝑐𝑜𝑠(5𝛺(𝑡)) + ⋯ )   (2) 
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where 𝛺(𝑡) is the instantaneous phase of the original modulated 
analog signal and 𝐴 is the amplitude of the binary signal. The 
first term corresponds to the baseband component of the binary 
signal while the following terms correspond to the harmonic 
replicas located at odd multiples of the baseband frequency.  

Introducing 𝛺(𝑡) = 𝜔𝑐𝑡 + 𝜙(𝑡) in Eq.2, it comes: 

       𝑦(𝑡) =
4

𝜋
 ∑

𝐴

𝑖
𝑖

𝑐𝑜𝑠(𝑖𝜔𝑐𝑡 + 𝑖𝜙(𝑡))   𝑓𝑜𝑟 𝑖 = 1, 3, 5, …                (3) 

This equation is fundamental to the definition of the binary 

sequence. Indeed, it reveals that the binary signal resulting from 

a zero-crossing operation can be considered as an infinite sum 

of modulated analog signals, with a change in amplitude and 

instantaneous phase deviation for each individual one. In terms 

of spectral content, this means that the baseband spectrum has 

the same characteristics as the original analog signal, while 

each harmonic replica has different characteristics, the 

instantaneous phase deviation being multiplied by the harmonic 

replica order.  

Going back to our objective to generate a test stimulus using 

a digital channel with specific spectral characteristics around a 

given carrier frequency 𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡
, Eq.3 permits to define three 

main rules:  

- Rule 1: choice of the order of the harmonic replica 
exploited as test stimulus   
This choice is related to the sampling capabilities of the test 
equipment. Indeed, the baseband frequency of the binary 
signal derived from a zero-crossing operation of an analog 
signal should comply with the Nyquist criterion, which can 
be expressed by: 

                           𝑖 ≥ 2𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡
/𝑓𝑠𝑚𝑎𝑥

                                                         (4) 

where 𝑖 is the order of the harmonic replica and 𝑓𝑠𝑚𝑎𝑥
 the 

maximum sampling rate of the ATE.  
Considering the loss in signal amplitude as i grows, the 
selected harmonic replica 𝐻𝑖  corresponds to the smallest 
odd value of 𝑖 that satisfies this equation. 

- Rule 2: setting of the baseband frequency 𝑓𝑐  
The carrier frequency 𝑓𝑐 of the analog signal that serves for 
the generation of the binary signal should be set as a 
submultiple of the targeted carrier frequency according to 
the order of the chosen harmonic replica: 

                           𝑓𝑐 = 𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡
/𝑖                                                                (5) 

- Rule 3: setting of modulation characteristics 𝜙(𝑡)  
In order to reach the desired spectral characteristics around 
𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡

, the instantaneous phase deviation 𝜙(𝑡) of the 

analog signal that serves for the generation of the binary 
signal should be defined with: 

                           𝜙(𝑡) = 𝜙𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)/𝑖                                                   (6) 

where 𝜙𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) is the instantaneous phase deviation 

corresponding to the targeted modulation format. 

At this stage, we know how to calculate a binary signal 

containing the desired spectral characteristics from an analog 

modulated signal. However, due to the hardware architecture of 

an ATE, this signal cannot be exactly generated by a digital 

channel. Indeed, an ATE is a discrete-time system, which 

means that the electrical signal delivered on a digital channel is 

a binary signal whose transitions occur on a discrete-time grid 

determined by the ATE sampling frequency 𝑓𝑠. In other words, 

the actual binary signal generated by the ATE corresponds 

mathematically to a sampled-and-held version of the binary 

signal obtained after zero-crossing of the analog signal. This 

difference has two main consequences on the spectral 

characteristics: (i) the spectrum comprises not only the 

baseband spectrum and harmonic replicas but also images of 

these components due to the sampling process, and (ii) the 

amplitude of frequency components is shaped by the sinc 

function due to the hold process. 

The global shaping of the spectrum by the sinc envelope is 

not a major issue; it just imposes to choose an ATE sampling 

frequency that is not too close to a submultiple of the targeted 

carrier frequency in order to avoid the local zeros. However, the 

presence of images is more problematic. Indeed, if these images 

fall within the DUT frequency band, they will corrupt the 

desired spectral characteristics. Since the location and 

amplitude of these images directly depends on the chosen value 

of the ATE sampling frequency 𝑓𝑠, a major challenge is to 

identify favorable sampling conditions, i.e. values of 𝑓𝑠 that 

ensure that no image of significant magnitude fall within the 

frequency band of interest. To this end, a corruption estimator 

was defined in [14], which permits to evaluate how much the 

power contained in a given frequency band around the selected 

harmonic deviates from the power of an ideal square-wave:  

              𝐶𝑜𝑟𝑟 𝐸𝑠𝑡𝑖 =
|𝐸𝐵𝑃𝑖 − 𝐻𝐶𝑃𝑖

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
|

𝐻𝐶𝑃𝑖
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑                                  (7) 

where 𝐻𝐶𝑃 stands for Harmonic Carrier Power and 𝐸𝐵𝑃 for 
Enlarged Bandwidth Power. The computation of this estimator 
is based on an analytical expression of a sampled-and-held 
digital carrier; refer to [14] for more details.  

In this work, we will use the corruption estimator to identify 

the most favorable sampling condition. Practically, the 

corruption score will be computed for all sampling frequencies 

compatible with the equipment’s capabilities; the chosen ATE 

sampling frequency will be the one that obtains the minimum 

score. 

III. DEVICE UNDER TEST (DUT) 

The DUT is a low-power wireless micro-controller from 

NXP Semiconductors (KW47) intended for Automotive and 

industrial applications. As illustrated in Figure 2, it comprises a 

digital part that includes a CPU, memory and some peripherals 

as well as an RF transceiver operating in the 2.4GHz band. It 

supports two communication formats based on phase 

modulation, namely Zigbee (ZB) and Bluetooth Low Energy 

(BLE), with two possible data rates of 1𝑀𝐻𝑧 and 2𝑀𝐻𝑧 for 

BLE communication. For ZigBee communication, the phase 

modulation scheme is Offset Quadrature Phase Shift Keying 

(OQPSK) while for BLE communication, the phase modulation 

scheme is Gaussian Minimum Phase Shift Keying (GMSK). In 

both cases, these are narrow-band modulation schemes.  
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Fig.2.  General architecture of the Device Under Test. 

In this paper, we focus on the test of the RF module only, and 

more specifically on the test of the receiver (a digital solution 

has already been proposed for the test of the transmitter with 

validations in the production test environment [8]). Figure 3 

shows the block diagram of the receiver architecture. It is a 

classical heterodyne architecture that uses frequency mixing to 

convert the received RF signal to an Intermediate Frequency 

(IF) where the signal is further processed to obtain baseband Rx 

data. These data are then transferred to digital processing core 

where additional operations are performed, such as error 

correction and Direct-Sequence Spread Spectrum (DSSS) 

decoding in case of ZigBee communication. 

 
Fig.3.  Block diagram of the DUT receiver architecture. 

Note that a Low-Noise-Amplifier (LNA) with an Automatic 

Gain Control (AGC) stage is used before the down-conversion 

of the RF signal to IF. During normal operation, the AGC stage 

automatically adapts the LNA gain according to the received 

signal. However, it is common practice for test purpose to set 

the LNA gain to a fixed value, which can be achieved through 

the programming of control register of the AGC stage. This 

feature will be used in our experiments to verify the 

performance of the receiver under different LNA gain values.  

Finally note that the device is also equipped with hardware 

resources that perform on-chip measurement of the Received 

Signal Strength Indicator (𝑅𝑆𝑆𝐼), with a resolution of 1𝑑𝐵. This 

feature will be exploited in our experiments to evaluate the 

Packet Error Rate (𝑃𝐸𝑅) as a function of the 𝑅𝑆𝑆𝐼 level.  

IV. PRACTICAL IMPLEMENTATION ON ATE 

In this section, we  detail the practical implementation of the 

three main steps that have to be accomplished for deployment 

of the proposed solution on an industrial ATE, which are (i) the 

choice of the harmonic replica that will be exploited for the 

generation of the binary sequence, (ii) the selection of the ATE 

sampling frequency that permits to avoid spectral pollution in 

the vicinity of the DUT frequency band, and (ii) the generation 

of a customized binary sequence that presents the desired 

spectral characteristics in the DUT frequency band according to 

the targeted modulation format.  

A. Choice of the exploited harmonic replica 

The first step consists in choosing the harmonic replica that 

will be exploited for the generation of the binary sequence. This 

choice depends, on the one hand, on the frequency of the 

targeted RF test stimulus and, on the other hand, on the 

capabilities of the test equipment. According to Rule 1 defined 

in section II, the minimum order of the harmonic replica that 

can be exploited is the smallest odd integer 𝑖 that satisfies Eq.4.  

For our case study, we target the generation of RF test stimuli 

at 𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡
= 2.405𝐺𝐻𝑧 using a standard digital channel of the 

ATE V93000 (Pin Scale 1600), for which the maximum 

sampling frequency is 𝑓𝑠𝑚𝑎𝑥
= 1.6𝐺𝐻𝑧. With these inputs, the 

smallest odd integer that satisfies Eq.4 is 𝑖 = 5, which means 

that the carrier frequency of the fundamental signal that serves 

for the generation of the stimuli will be set at 𝑓𝑐 = 481𝑀𝐻𝑧. 

This also imposes the minimum ATE sampling frequency in 

order to comply with the Nyquist criterion, i.e. 𝑓𝑠𝑚𝑖𝑛
=

962𝑀𝐻𝑧. 

B. Selection of the ATE sampling frequency 

The second step consists in selecting an ATE sampling 

frequency that permits to avoid spectral pollution in the DUT 

frequency band. This selection relies on the computation of the 

corruption estimator defined in Eq.7 for all possible 𝑓𝑠 values 

between the Nyquist frequency and the maximum sampling 

frequency. The selected ATE sampling frequency is the one 

with the minimum score. 

Note that because of the finite timing resolution of the ATE, 

there are only a discrete number of possible 𝑓𝑠 values. More 

precisely, the sampling frequency is not a parameter that is 

directly specified in the ATE software, but it depends on the 

cycle duration (also called tester period) and the number of 

edges used within one cycle, both being user-defined 

parameters. On the ATE V93000, the minimum cycle duration 

is 5𝑛𝑠, the maximum number of edges associated to a write 

event is 8, and the resolution for the setting of the tester period 

is 0.1𝑛𝑠. To facilitate the implementation of the proposed 

solution, a script has been developed which automatically 

determines all possible 𝑓𝑠 values for a given case study and 

perform the computation of the corruption estimator. 

 
Fig.4.  Corruption estimator computed for all possible tester period values. 

For our case study, i.e. the generation of a test stimulus at 

2.405𝐺𝐻𝑧 using the 5th harmonic replica, there are 34 possible 
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values for the tester period, ranging from the minimum cycle 

duration of 5𝑛𝑠 (𝑓𝑠 = 1.6𝐺𝐻𝑧) up to 8.3𝑛𝑠 (𝑓𝑠 = 963.9𝑀𝐻𝑧). 

Figure 4 shows the values of the corruption estimator computed 

for all these possible values, considering an arbitrary enlarged 

bandwidth of 20𝑀𝐻𝑧 corresponding to ten times a BLE 

channel width, around the targeted frequency of 2.405𝐺𝐻𝑧. 

The tester period value that leads to the lower score is 5.1𝑛𝑠, 

corresponding to a sampling frequency 𝑓𝑐 ≅ 1.568𝐺𝐻𝑧.  

It should be pointed out that the evolution of the corruption 

score with respect to the sampling frequency does not exhibit 

monotonic behavior, and that it can radically differ between two 

possible consecutive values of the sampling frequency. This 

underlines the importance of the corruption estimator that 

permits to identify favorable sampling conditions despite this 

chaotic behavior.  

C. Generation of the ATE binary sequence 

The last step consists in defining the binary sequence to be 

stored in ATE vector memory, so that the electrical signal 

delivered by a digital channel has spectral characteristics 

corresponding to the chosen modulation format in the DUT 

frequency band. Theoretical foundations have established that 

this binary sequence can be obtained from zero-crossing and 

sampling operations applied to a virtual modulated analog 

signal, where the virtual analog signal is defined with a 

downscaling applied on both the carrier frequency and the 

instantaneous phase deviation, according to the order of the 

selected harmonic replica.  

To facilitate implementation of the proposed solution, a 

script has been developed that automatically determines the 

content of the binary sequence from the baseband I/Q data that 

are normally supplied by the ATE to the RF channel, as 

illustrated in Figure 5. 

In case of conventional RF test stimulus generation (see 

Figure 5.a), baseband I/Q data are computed in the numerical 

domain by the ATE processor according to the chosen 

modulation format, and supplied to the RF channel hardware. 

Here, they are converted to the analog domain by two DACs, 

filtered and applied to a quadrature modulator (implemented 

with a phase shifter, two mixers, and a signal combining stage) 

to get the RF modulated signal. The RF signal amplitude is then 

adjusted by an amplifier. 

The processing algorithm developed to determine the content 

of the binary sequence comprises four main steps (see 

Figure 5.b):  

- The first step consists in interpolating (resampling) the 
baseband I/Q data computed by the ATE processor at the 
sampling rate of the DACs included in the RF channel 
(32𝑀𝑆𝑝𝑠 in our case) to the sampling frequency 𝑓𝑠 selected 
for the operation of the digital channel. 

- The second step is to extract the instantaneous phase 
deviation 𝜙𝑡𝑎𝑟𝑔𝑒𝑡(𝑘𝑇𝑠) of the conventional RF test 

stimulus with: 

                   𝜙𝑡𝑎𝑟𝑔𝑒𝑡(𝑘𝑇𝑠) = 𝑎𝑡𝑎𝑛 (
𝑄(𝑘𝑇𝑠)

𝐼(𝑘𝑇𝑠)
)                                          (8) 

- The third step consists of calculating the virtual modulated 
analog signal with a downscaling applied on the carrier 

frequency and the instantaneous phase deviation, according 
to the order 𝑖 of the selected harmonic replica: 

                    𝑥(𝑘𝑇𝑠) = 𝑠𝑖𝑛 (
2𝜋𝑓𝑐𝑡𝑎𝑟𝑔𝑒𝑡

𝑖
𝑘𝑇𝑠 +

𝜙𝑡𝑎𝑟𝑔𝑒𝑡(𝑘𝑇𝑠)

𝑖
)              (9) 

- The last step is to apply a zero-crossing operation on the 
virtual modulated analog signal: 

                    𝑦(𝑘𝑇𝑠) = 𝑠𝑔𝑛 [𝑥(𝑘𝑇𝑠)]                                                      (10) 

The resulting samples directly correspond to the binary 

sequence that has to be stored in the ATE vector memory. The 

amplitude of the signal delivered to the DUT will be adjusted 

by programming the 𝑉𝐼𝐿 and 𝑉𝐼𝐻 levels of the digital channel 

driver.  

 

 
(a) Test stimulus generation with an RF channel 

 
(b) Processing algorithm for automatic calculation of the binary sequence 

Fig.5.  Determintion of the content of the ATE binary sequence. 

This script of automatic determination of the binary sequence 

was first validated in simulation. More precisely, an ideal 

digital signal was computed by applying a zero-order-hold 

operation on the binary sequence determined by the script; a 

FFT was then applied to obtain its spectrum. As an illustration, 

Figure 6 shows the global view of the spectrum of the simulated 

digital test stimulus in the ZigBee case. As expected, the global 

spectrum has a hairy aspect due to the presence of images 

created by the sampled-time generation process; the shaping by 

the sinc function is also well visible. However, despite this 

spectral clutter, we expect the content around the selected 

harmonic replica to exhibit the desired characteristics, thanks to 

the appropriate choice of the sampling frequency 𝑓𝑠.  
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Fig.6.  Illustration of the full spectrum of the simulated digital test stimulus 

(ZigBee case). 

To illustrate this point, we have compared the spectrum of 

the simulated digital signal with that of the simulated 

conventional RF test signal. Results are illustrated in Figure 7 

which gives a close-up view around the targeted carrier 

frequency of 2.405𝐺𝐻𝑧, for ZigBee and BLE modulation 

formats (with two different data rates of 2𝑀𝐻𝑧 and 1𝑀𝐻𝑧 for 

BLE). In all cases there is a good agreement between the 

spectrum of digital and RF signals within the channel width.  

 
(a) ZigBee 

 
(b) BLE 1MHz 

 
(c) BLE 2MHz 

Fig.7.  Spectrum of simulated digital and RF test stimuli around 2.405𝐺𝐻𝑧. 

 

V. RESULTS 

A. Experimental setup 

To demonstrate the practical application of the proposed 

solution, measurements were carried out on an Advantest 

V93000® ATE equipped with standard digital tester channels 

(PinScale® 1600). The tester is also equipped with RF 

channels, enabling the digital solution to be compared with the 

conventional RF solution. The objective is to measure the 

evolution of the 𝑃𝐸𝑅 as a function of the 𝑅𝑆𝑆𝐼 level in order to 

evaluate the receiver sensitivity. This evaluation is carried out 

for different values of the LNA gain (programmed using the 

control register of the AGC stage). 

 
Fig.8.  ATE measurement procedure. 

The ATE measurement procedure is illustrated in Figure 8. It 

involves applying a test stimulus encoded according to the 

chosen communication protocol (𝑍𝐵, 𝐵𝐿𝐸1 or 𝐵𝐿𝐸2) and 

recording the number of good packets received as well as the 

𝑅𝑆𝑆𝐼 level, for different values of the test stimulus amplitude. 

The test stimulus is a sequence of 1,000 packets following the 

format defined in IEEE 802.15.1 and IEEE 802.15.4 for BLE 

and ZigBee communication respectively. It can be delivered 

either by an RF channel (2.405𝐺𝐻𝑧 conventional modulated 

signal) or by a digital channel (481𝑀𝐻𝑧 digital signal 

generated from the customized binary sequence). In the case of 

the conventional RF approach, the amplitude of the test 

stimulus is directly specified in 𝑑𝐵𝑚 with a dedicated 

parameter in the tester software, while in the case of the digital 

signal, its amplitude is specified by programming the 𝑉𝐼𝐿 and 

𝑉𝐼𝐻 levels of the digital channel driver. Note that neither the 

way amplitude is programed, nor its absolute value really 

matter as we use the RSSI metric in both cases, which somehow 

normalizes this parameter from the receiver perspective. 

The test procedure, including the sweeping on the test 

stimulus amplitude is repeated a number of times in order to 
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evaluate measurement dispersion. Finally, all collected results 

are transferred to a PC for further analysis.  

B. Preliminary experiment 

A preliminary experiment was conducted with the DUT 

configured in ZigBee mode and the LNA gain value fixed to an 

intermediate level (𝐴𝐶𝐺5). The measurement procedure was 

applied with 50 repetitions of the test stimulus amplitude sweep 

(both RF and digital test stimuli). Results are displayed in 

Figure 9, which reports the evolution of 𝑃𝐸𝑅 (percentage of 

erroneous packets received over the total number of applied 

packets) as a function of the measured 𝑅𝑆𝑆𝐼 level for each 

individual test run, as well as the mean value over the 50 

repetitions.  

Several comments arise from these results. First, as expected, 

a perfect 𝑃𝐸𝑅 of 0% is obtained for the highest values of the 

signal strength (𝑅𝑆𝑆𝐼 above −69𝑑𝐵), but then degrades rapidly 

as the signal strength reduces, both when excited with the test 

stimulus generated by the RF test channel and the digital test 

channel. In both cases, a strong variability is observed. For 

instance, for an 𝑅𝑆𝑆𝐼 level of −72𝑑𝐵, the 𝑃𝐸𝑅 measured when 

using the conventional RF test stimulus varies between 0.9% 

and 97.1% from one test run to another. Similarly, for the same 

𝑅𝑆𝑆𝐼 level of −72𝑑𝐵, the 𝑃𝐸𝑅 measured when using the digital 

test stimulus varies between 10.4% and 86.6% from one test 

run to another. Yet, looking at the mean over the 50 repetitions, 

there is at first glance a good agreement between the evolution 

of the 𝑃𝐸𝑅 measured when using the RF test stimulus and that 

measured when using the digital test stimulus. 

 
Fig. 9.  PER vs. RSSI for 50 acquisitions using either RF or digital stimulus 

(ZB communication). 

In order to have a quantitative evaluation of how the digital 

test solution performs compared to the conventional RF test 

solution, a sensitivity indicator 𝑅𝑆𝑆𝐼50% has been defined, 

which corresponds to the 𝑅𝑆𝑆𝐼 level for a 𝑃𝐸𝑅 of 50%. Note 

that because the on-chip measurement of the 𝑅𝑆𝑆𝐼 level 

exhibits a resolution of only 1𝑑𝐵, the precise value of the 

indicator cannot be directly measured on the ATE. However, an 

estimate can be obtained by using a linear interpolation between 

the two measurements which give a 𝑃𝐸𝑅 value immediately 

below and above 50%, as illustrated in Figure 10. In the 

following, we will use this indicator to compare the 

performance of the digital solution with that of the conventional 

RF one. 

 
Fig. 10.  Illustration of the calculation of the sensititivity indicator on one test 

run (i.e. one sweep on the test stimulus amplitude). 

Figure 11 gives the distribution of the sensitivity indicator 

𝑅𝑆𝑆𝐼50% computed on each of the 50 test runs using either the 

conventional RF test stimulus or the digital one. It can be 

observed that the distribution obtained using the digital test 

stimulus is well centered on the one obtained using the RF test 

stimulus and exhibits a similar Gaussian shape and width. Table 

I reports the detailed statistics in terms of mean value and 

standard deviation. These values confirm the excellent 

agreement between the digital test solution and the 

conventional RF one, with a difference of less than 0.01𝑑𝐵 both 

in the mean value and standard deviation of the computed 

sensitivity indicator.  

 
Fig. 11.  Histogram of the sensitivity indicator 𝑅𝑆𝑆𝐼50% computed on 50 test 

runs using either RF or digital stimulus (ZB – AGC5). 

TABLE I.  

MEAN AND STANDARD DEVIATION OF 𝑅𝑆𝑆𝐼50% COMPUTED ON 50 TEST RUNS  

USING EITHER RF OR DIGITAL STIMULUS (ZB – AGC5) 

Stimulus generation (𝑅𝑆𝑆𝐼50%) (𝑅𝑆𝑆𝐼50%) 

RF channel −72.083𝑑𝐵 0.460𝑑𝐵 

Digital channel −72.092𝑑𝐵 0.467𝑑𝐵 

C. Full experiment 

The preliminary experiment has validated the efficiency of 

the proposed digital solution under one specific DUT operating 

condition, namely ZigBee communication and LNA gain value 

set to intermediate level (𝐴𝐺𝐶5). The aim of this section is to 

validate the efficiency of the proposed solution over a wider 
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range of DUT operating conditions. More specifically, 

measurements were carried out with the device operating with 

the three communication protocols (𝑍𝐵, 𝐵𝐿𝐸1 or 𝐵𝐿𝐸2) and 

three LNA gain values (𝐴𝐺𝐶4, 𝐴𝐺𝐶5 and 𝐴𝐺𝐶6), i.e. a total of 

9 conditions. For each condition, the test procedure was 

repeated 10 times, and the sensitivity indicator was computed 

for each repetition. 

Results are shown graphically in Figure 12, which plots the 

mean 𝑅𝑆𝑆𝐼50% value computed over the 10 repetitions when 

using the digital test stimulus versus the one computed when 

using the conventional RF test stimulus. It can be observed that 

all points are well aligned on the ideal straight line, indicating 

that the proposed digital solution is indeed able to handle 

different communication formats and signal strength levels. 

Detailed numerical results are reported in Table 2. It can be 

observed that, whatever the communication format or the value 

of the LNA gain, the difference between the digital solution and 

the RF one remains below 0.04𝑑𝐵. 

 
Fig. 12.  𝑅𝑆𝑆𝐼50% computed using digital test stimulus vs. 𝑅𝑆𝑆𝐼50% computed 

using conventional RF test stimulus for different device configurations (mean 

value over 10 test runs). 

TABLE II.  

RSSI50% COMPUTED USING EITHER RF OR DIGITAL STIMULUS FOR DIFFERENT 

DEVICE CONFIGURATIONS (MEAN VALUE OVER 10 TEST RUNS) 

  𝑅𝑆𝑆𝐼 @ 𝑃𝐸𝑅 = 50% 
Difference 

  RF stimulus Digital stimulus 

ZB 

AGC4 −66.30𝑑𝐵 −66.66𝑑𝐵 −0.36𝑑𝐵 

AGC5 −72.10𝑑𝐵 −72.09𝑑𝐵 0.01𝑑𝐵 

AGC6 −78.60𝑑𝐵 −78.63𝑑𝐵 −0.03𝑑𝐵 

BLE1 

AGC4 −61.49𝑑𝐵 −61.63𝑑𝐵 −0.15𝑑𝐵 

AGC5 −66.80𝑑𝐵 −66.89𝑑𝐵 −0.09𝑑𝐵 

AGC6 −73.50𝑑𝐵 −73.55𝑑𝐵 −0.05𝑑𝐵 

BLE2 

AGC4 −59.85𝑑𝐵 −59.71𝑑𝐵 0.13𝑑𝐵 

AGC5 −65.38𝑑𝐵 −65.23𝑑𝐵 0.15𝑑𝐵 

AGC6 −71.89𝑑𝐵 −71.82𝑑𝐵 0.07𝑑𝐵 

 

Finally, Figure 13 compares the measurement dispersion 

observed using either the digital test stimulus or the 

conventional RF test stimulus. It should be stressed that this is 

only a rough estimate of measurement dispersion, since the 

standard deviation is computed only over 10 repetitions. Still, 

the results reveal no significant difference between the digital 

and RF solutions. The evaluated standard deviation remains 

within the same range, with a higher dispersion for the digital 

solution in some cases and a higher dispersion for the RF 

solution in others.  

 
Fig. 13.  Comparison of measurement dispersion using either RF or digital 

channel for test stimulus generation, for different device configurations (10 test 

runs).  

VI. CONCLUSION 

This paper describes an innovative approach for the 

generation of RF test stimuli. The idea is to replace expensive 

RF channels commonly found in ATEs with basic digital 

channels operating at lower frequencies, taking advantage of 

inherent harmonic replicas to “shape” the desired spectrum 

around the targeted RF carrier frequency. In this paper, the 

focus is given to practical implementation and experimental 

validation from an industrial perspective. 

A methodology for defining the appropriate binary signal to 

be generated by a digital ATE channel was presented, supported 

with automation scripts that take into account practical 

limitations of ATE digital channels, such as maximum 

sampling rate and timing resolution. 

Experimental results were also presented, obtained on an 

actual wireless microcontroller with BLE and ZigBee receiver 

capability. Validation consists in comparing the PER measured 

using either an RF or a digital channel of the V93000 ATE, as 

a function of the RSSI. Excellent agreement between both 

implementations was observed, making the digital approach a 

very good candidate for replacing the conventional RF testing 

solution.  

Still, further investigations must be carried out. Indeed, 

results presented in this paper were obtained from a single DUT 

sample. The good match must be confirmed with a wider 

population of circuits, with supposedly working and failing 

samples to make sure that the final decision (sorting) remains 

the same with both test approaches. Furthermore, validation 

was only performed within a limited RSSI dynamic range. 

Additional experiments are required to fully assess the 

performance of the proposed solution over an extended 

dynamic range. 
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