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Executive Summary 

This document describes the D 5.3 deliverable, “RF SoC samples ».  

This deliverable is about the physical silicon devices outcomes of the project. The targeted RF 

SoC implements all active parts related to the communication functionality, i.e. RF 

transceiver with dedicated frequency reference together with embedded micro-controller 

that supports the control of the RF analog part and the protocol. 

The development has been realized in two steps associated with two Multi-Wafer-Projects 

runs: 

1. The 1st SoC implements all functionality with exception of the receiver part from high 

intermediate frequency to digital baseband. Different test structures have also been 

integrated aside, especially an analog baseband test-chip for separate 

characterization of a 1st realization of the missing part.     

2. A 2nd SoC implements the full functionality with slight optimization of sub-blocks 

integrated in 1st MPW. 

Different documents marked out advancement of the SoC realization: Target RF SoC 

specifications are described in IR2.1, system-level validation methodology is described in 

IR5.2, 1st integration step results is reported in D2.1, digital baseband and associated 

validation is reported in D4.2, Antenna-Impedance-Sensing-and-Tuning block description in 

D3.3.  Some recall will be made in present document for sake of clarity. A consortium-

confidential “D5.3 appendix” will enter into detail of the SoC implementation. 
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1 Introduction and architecture 

The WiserBAN System-on-Chip (SoC) aims at complete integration of RF communication 

functionality, from narrow-band RF transceiver to full protocol support thanks to embedded 

micro-controller. The bandwidth of operation is aggregation of 2.4-2.4835 GHz ISM 

(Industrial Scientific and Medical) and 2.4835-2.5 GHZ LP-AMI (Low-Power Active Medical 

Implant) bands. Provision has been taken to also cover the 2.36-2.4 GHz US MBAN (Medical 

Body Area Network). It covers Bluetooth Low-Energy and 802.15.4 capability as well as 2 

Mbps proprietary mode. 

Strong incentive to energy consumption minimization and miniaturization is materialized by 

innovative approach using a 2 GHz Bulk Acoustic Wave (BAW) resonator and Low-Frequency 

MEMS silicon resonator for frequency drift compensation and time keeping. 

 

Figure 1  WiserBAN SoC bock diagram. 

 The SoC development involved two steps associated with two Multi-Wafer-Projects. 
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2 WiserBAN SoC, 1st integration 

This section summarizes, for sake of providing a global view, the outcome of the first 

integration of the WiserBAN SoC, also described in D2.1. 

2.1 WiserBAN SoC v1 

A first version of the WiserBAN chip was integrated in the first phase of the project. 

Although it contained almost all System-on-Chip (SoC) features, the radio section contained 

a complete transmitter (Tx) section, from digital baseband to antenna port, but only 

Receiver (RX) front-end and RF frequency synthesizer. The Rx section could not be 

integrated fully, because of the on-going development of the ADC and associated digital 

baseband section. Only the analog IF-BB had been integrated on SoC v1, made of sampling 

stage à ~150 MHz, and a FIR/IIR switched capacitor bandpass filter and conditioning block. 

For the sake of testability, the part of the receiver had also been integrated on another test-

chip in parallel.  

CSEM was mostly in charge of this version of the chip. 

 

Figure 2 : WiseBAN SoC MPW1 floorplan (200 µm ball pitch). 

Despite the absence of the latter mentioned ADC and D-BB Rx blocks, the integration of the 

first WiserBAN SoC allowed to validate many of the system features: 

 Micro-controller with associated digital resources (serial interfaces, timers, etc.),  

 BAW oscillator providing the RF frequency reference.  

 Tx RF frequency synthesizer. 

 Tx RF front-end that, thanks the direct digital modulation by control of the RF 

frequency synthesizer, completes the Tx analog part. 

 Tx digital baseband. 
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 Rx RF frequency synthesizer. 

 Rx analog IF-BB 

 Antenna port with Rx and Tx front-ends, the RX front-end output being at the high 

intermediate frequency. 

One goal of this 1st integration was delivery of silicon samples for the subsequent SiP 

developments and antenna measurement thanks to integrated complete Tx functionality. 

2.2 WiserBAN SoC v1, contingency plans 

Several test chips were integrated in parallel, as outcome of the FMEA and established 

contingency plans: 

 WiserBAN variant B, allowing complementary test modes to the first version 

described above (CSEM in charge). 

 IF analog baseband test-chip: a part of the missing IF-ADC-DBB section was 

integrated on a specific test-chip, with the mindset to de-risk the receiver section 

(CEA in charge). 

 Passive RF devices test-chip, allowing characterizing individually the RF passives, 

update the simulation models and optimize them for the next run of the WiserBAN 

SoC (CSEM in charge).  

 

 

 

Figure 3 Various test-chips integrated with the WiserBAN SoC 

(SoC version 2, IF Analog test-chip, RF passives test-chip). 

2.3 WiserBAN SoC v1 characterization results  

In summary, the measurements of the 1st version of WiserBAN SoC yielded: 

 SoC: Digital part including micro-controller and transmitter digital baseband were 

fully functional. BAW oscillator and Transmitter functionality was fully in line with 

targeted specifications. The RX analog IF-BB was also satisfactory and provided with 

results in line with the expectations 

 IF Analog test chip: the general functionality was demonstrated. Some issues were 

detected related to an output buffer. Paths for optimizing the design with respect to 

power consumption were identified. Results were mostly comparable to the SoC 

version. 
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 RF passives: fairly good results were obtained, confirming the adequacy of the 

models for the passives with measured results. Only minor – and low-risk – fine-

tunings were foreseen for the RF passives. 

More precise information can be found in D2.1. 

3 WiserBAN SoC, 2nd integration 

Based on the outcome of the first integrations, a second version of the SoC was 

implemented. 

This version implements the full functionality with completion of the receiver chain. Some 

slight modification of sub-blocks integrated in 1st MPW have also been realized: 

 Modification of LNA bias control to increase the current range, 

 Modification of transmitter VCO inductor to symmetrize frequency margin below 

and above targeted frequency range, 

 Correction of Low-Frequency Silicon Resonator oscillator for increase robustness, 

 Capacitive load modification in Antenna Impedance Sensing and Tuning to better 

address impedance range.   

 Slight correction on the Rx analog IF-BB 

 Integration of the full-Rx IF process including the VGA, ADC and D-BB compatible 

with the 3 modulation schemes (250 kbps, 1 Mbps, 2 Mbps) 

 

Figure 4: WiseBAN SoC MPW2 floorplan (200 µm ball pitch). 

Note the visible removal of right ball column that was used in 1st SoC version to interface on-

chip test signals.  

In addition, as for the 1st SoC version, some test chips have been designed to independently 

test the Rx analog IF-BB and the Rx ADC. 
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Figure 5 : test chip embdedding the full Rx analog-IF and ADC chain 

3.1 WiserBAN SoC v2, System 

The WiserBAn SoC embed a low-power 32 bit dial MAC icyflex DSP/MCU core12 with 96 kB of 

SRAM. The micro-controller and associated peripherals (GPIOs, SPI and UART interface, 

timers, IRQ, etc.) have been checked fully functional. 

 

Figure 6: Shmoo Plot of MPW1 digital function 

The Low-frequency oscillator for time keeping and BAW RF frequency references have been 

characterized (c.f. Figure 7 below). 

                                                           

 

1 “Low-power 32-bit dual-MAC 120 μW/MHz 1.0 V icyflex DSP/MCU core”, C. Arm, S. Gyger, J-M. Masgonty, M. 
Morgan, J-L. Nagel, C. Piguet, F. Rampogna, P. Volet, Solid-State Circuits Conference, 2008. ESSCIRC 2008. 34th 
European. 
 
2 http://www.design-reuse.com/articles/25148/ultra-low-power-dsp-core.html. 
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Figure 7: BAW oscillator frequency reference with 1st order t° compensation. 

3.2 WiserBAN SoC v2, Transmitter 

Thanks to the high frequency reference, the WiserBAN transmitter is based on a direct 

digital drive of the RF frequency synthesizer. Its phase noise (c.f. Figure 8) has then strong 

impact on output spectrum and demonstrated very good performances.  

 

Figure 8: Tx RF frequency synthesizer spectral noise measurement for various settings. 
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The simple 1-point modulation scheme can be limited by RF frequency synthesizer low-pass 

behavior but measurement (c.f. Figure 9 below) demonstrates enough margins to properly 

modulate even a 4 Mbps GFSK. 

 

Figure 9: 1Mbps GFSK, 2Mbps MSK TX output spectrum vs BT, BTLE and IEEE802.15.4 masks and 

related eye diagrams (also in 4Mbps mode) 

One important advantage of architecture of the Tx is associated with the BAW frequency 

reference and wide RF synthesizer bandwidth: this makes possible a very fast start-up and 

then minimizes the start-up current overhead (c.f. Figure 16). An example of extreme case is 

transmission of a minimum-sized Bluetooth LE packet: the 80 µs functional transmission at 

10 mA consumed current makes a 800 mA•µs integrated current, to be compared with the 

24.2 mA•µs integrated current of the startup. This makes the start-up overhead close to 

negligible and allows us to claim 1 mA for 200 kbps with a 10% duty-cycle even for short 

packets. 
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3.3 WiserBAN SoC v2, Receiver 

This section puts the focus on the design and the performance of the IF-ADC-DBB section of 

the receiver, which is the principal new block that had not been integrated on the first 

WiserBAN SoC. 

Then an overview of the entire Rx section performance is provided in following sections. 

3.3.1 Rx front-end 

The Tx-Rx switching is implemented by with integrated passives that match both RF 

impedances in both modes to the unique 50 Ω RF port of the SoC.   

 

Figure 10 : Simplified schematic of the RF input matching 

In reception, the LNA is followed by a mixer that translates the input signal to the high 

intermediate frequency at 2 GHz. Then a buffer adapts impedance to drive the out-of-chip 

BAW IF filter. The voltage gain has been measured to 20 dB for a total current of 4.1 mA at 

maximum gain (AGC steps and settings reduce the current and gain). 

3.3.2 IF-ADC-DBB section 

3.3.2.1 Architecture 

Considering a BAW resonator at 2.048 GHz, the full Rx analog IF-BB, processing the IF1 signal 

at 2.002 GHz, is composed of: 

 A sampler operated at 146.285 MHz 

 A FIR/IIR switched capacitor block 

 A VGA controlling the signal amplitude to the ADC input 

 A 8-bit SAR ADC operated at 36.571 MHz 

 A full D-BB processing and demodulating the signal 

This architecture is operating a deep sub-sampling process, which means that the IF1 signal 

is sampled much lower than its actual frequency. The purpose for this has been to enable a 

strong reducing of the processing frequency in order to reduce the power consumption. This 

choice leads to a cautious frequency plan of the signal and clocks, to limit the unavoidable 

aliasing signals into the band of interest.   

RF pad

bias

LC-matching
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AC

VDD

PCB
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100W50W

SAW

antenna
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Figure 11 : synoptic of the Rx analog IF-BB 

The IF2 domain process the IF1 sampled signal at a rate of 146.285 MHz, and the IF2 signal 

lies around 45 MHz. The FIR/IIR processes this signal and realize a bandpass filtering. Finally, 

the signal to be converted at the input of the ADC is about 9 MHz. Details about this 

architecture have been provided with in the D2.1 deliverable. 

3.3.2.2 Analog IF-BB 

Several tests have been carried out to analyze the correctness of this full Rx analog IF-BB. 

First, it has been possible to test independently the sampler / FIR / IIR stages which have 

been proven to operate correctly. As expressed into the D2.1, the signal correctly sampled 

and FIR/IIR switched capacitors are being operated properly. Clocks, especially phase shift 

generator, are OK, and the successive OTA chain converts the signal to the expected band. 

 

Figure 12 : screen shoot of the I & Q paths out of the Rx analog IF-BB 
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Downto a low input level, the behavior and performance of this part of the Rx chain is 

correct. It partly add some gain to the Rx chain, and the final gain is operated on the 

VGA/ADD block. 

3.3.2.3 VGA & ADC 

The ADC alone has also been proven to correctly convert a 9 MHz signal to an 8-bit. 

 

Figure 13 : ADC behavior at 9 MHz for high- to low-input level 

Using parameter configuration on the ADC, it is possible to trim its gain and full-scale. 

Finally, the behavior is correct and the power consumption in line with the expectations. 

Unfortunately, the implementation on both the stand-alone chip and on the SoC V2 does not 

allow testing the VGA connected to the ADC. The ADC alone behavior has proven to be 

correct, but it cannot be tested with the VGA connected right before. The reason for that is 

purely technical as the connection between the FIR/IIR and the VGA Is very sensitive to 

parasitics. Thereby, it has been designed to with a direct charge transfer, and no observation 

buffers were able to be introduced here. 

This should not be a problem. But, in the SoC V2, the overall sensitivity level has been 

demonstrated to be lower than expected, and the VGA to ADC link has been suspected to be 

incorrect. 

3.3.2.4 Digital-BB 

The final stage of this analog IF-BB and ADC block has to be done by considering the 

complete processing, injecting a signal at IF1, and get the 8-bit data out of the ADC. 
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The final stage of the Rx chain is the D-BB. This includes a D-FE (digital front-end) which 

conditions the signal out of the ADC. It is first composed of a modified Weaver cell which 

assembles the I & Q analog path to operate a Hilbert-like combination. Thereafter, some 

filtering stages are applied and a re-sampling is operated to convert the data from the 32 

MHz domain to the 8-MHz one (Figure 14). 

 

Figure 14 : synoptic of the D-BB including the D-FE and the Modem 

Finally, the signal are processed in the Modem and the demodulated bytes provided through 

the data buffer to the icyFlex bus. See D4.2 for more information. 

Thanks to specific test blocks which have been integrated, it si possible to observe at a very 

fine level the behavior and correctness of the signal in the full-D-BB (Figure 15) 

 

Figure 15 : full D-BB including test domains enabling a fine observation of the blocks 

Thereby, it has been possible to test the D-BB in a stand-alone manner, using 8-bit test 

words, injected on in the blocks. It has then been possible to find the best D-BB 

configuration, which is finally very close to the default one. 
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Indeed, the D-BB has proven to be working fine, able to demodulate frames in the 3 

required modulation schemes: 

 IEEE802.15.4 / O-QPSK at 250 kbps up to 128 bytes 

 BT le / GFSK at  1 Mbps up to 39 bytes 

 O-QPSK / 2Mbps up to 255 bytes 

So, the behaviour of the D-BB is OK, and in line with the expectations. Only some 2 Mbps 

frames appeared to be incorrectly decoded. After some specific simulations, it appeared that 

a block can be desynchronized randomly for this modulation. The potential occurrence of 

this issue has been estimated at some %. Nevertheless, this occurrence remains rare, and 

the D-BB behavior is satisfactory enough to enable a good frame reception.  

3.3.3 Entire Rx section 

The full-Rx chain has been tested on the SoC V2. It involves to activation of the LNA, the 
mixer, the analog IF-BB, the VGA-ADC and the D-BB. Individual parts have proven to be 
functioning correctly. 
 
An issue to be considered on the SoC version is that the resonator has first to be tuned to a 
value thanks to a dedicated register. As the test board resonators were at a higher frequency 
than expected, resonators have been tuned to 2.052 GHz instead of 2.048 GHz. This is not a 
major issue but this requires re-calculating the whole frequency plan and adapting the clocks 
consequently. For instance, the digital clock is not 8 MHz anymore, but 8.015625 MHz. 
The other issue related to that is that the resonator is not compensated in temperature and 
that its frequency is changing rapidly with conditions. On test bench, this is manageable but 
cautious attention has to be paid not to over-pass the limits. 
 
The first step has been to connect the D-BB to the analog IF-BB and ADC chain. Using the 
configuration which were OK for the FIR/IIR and D-BB, it has been possible to demodulate 
frames, injecting an IF1 signal at the IF-SAW input, feeding the sampler input, thanks to an 
RF  generator (SMBV 100A from Rhode&Schwarz) which can be fed with arbitrary 
modulation files (ARB mode). Indeed, like for the test demodulation operated on the D-BB 
alone, the 3 modulation schemes have been generated for the ARB mode. Frames are 
decoded and bytes stored in the data buffer.  
 
This has validated the correct functionality of the process for the 3 WiserBAN modulations 
and frames length up tp 128, 39 and 255 bytes. Indeed, some frequency drifts have been 
carried out and the demodulation was tested functional up to some +/- 100 ppm drift, which 
is a fairly good performance. 
 
Nevertheless, the maximum sensitivity level, achieved by injecting a signal at IF1, has been 
measured to only an average of -30 dBm (max. -35 dBm), which is lower than the 
expectations. The specifications for IF1 input have been defined about 30 dB lower, to about 
-65 dBm. 
 
The same test has also been carried out with the LNA and RX front-end activated. In addition 
to the previous test, the SoC V2 board includes the RF filter at the input of the LNA, the LNA 
itself, the mixer and the SAW/BAW buffer. 
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As for the analog IF-BB alone, the RF signal is provided with a RF generator fed with specific 
modulation files. The measured results are consistent with the analog IF-BB measurements 
alone. The sensitivity level is improved by typically 20 dB, which corresponds to the gain 
provided with by the receiver front-end (LNA / Mixer / Buffer and filters). About -50 dBm is 
measured for the selectivity, including filters and SoC. 
 
So, the full-Rx chain measurement does not bring more information about the low sensitivity 
level of the Rx part of the SoC. The measurement on both configurations are consistent. 
Nevertheless, it also confirms that the Rx chain would be OK if the Rx analog IF-BB issue was 
fixed. 
 

3.4 WiserBAN SoC v2 characterization results 

The results of the blocks cited above are synthesized in the following table: 

Parameters Comments Min Typ Max Units 

Supply voltage  1.08 1.2 1.32 V 

Operating temperature 
Measurements at room 

temperature 
-40 25 85 °C 

Low-Frequency oscillator 

Current consumption   0.1  µA 

BAW oscillator 

Current consumption  0.6  0.8 mA 

Standby current 

consumption 
  1.5  nA 

Startup time   1.5  µs 

Frequency tuning 
range  0.3  % 

Step (digital tuning) -0.52  -0.64 ppm 

Phase noise  At 2.5 MHz  -150  dBc 

Uncompensated t° drift Depends on BAW component  -6.5  ppm/°C 

Output amplitude   440  mVp diff 

RF frequency synthesizer 

Current consumption 

(without BAW osc. supply 

current) 

RX, with Δ MASH 3rd order 

with dithering and Ibias_chp_rx/tx =  

20 µA 

 2.4  

mA 
TX, with Δ MASH 3rd order 

with dithering and Ibias_chp_rx/tx =  

20 µA  

 1.75  

Standby current 

consumption 
  ~1.5  µA 

Frequency synthesis 

setup time 

not includes BAW osc. bias 

currents 
 1.5  µs 

LO/VCO frequency range TX mode 2.2  2.7 GHz 
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RX mode  
VCO 2.8  3.65 GHz 

LO (after division) 350  600 MHz 

BAW resonator frequency   2048  MHz 

PLL reference frequency = fBAW /16  128  MHz 

BAW frequency variation 

versus supply voltage  
  90  ppm/V 

Phase noise 

(@ 597.5 MHz RX)  

(@ 2485 MHz TX) 

@ 100 KHz offset  

 -117  

dBc/Hz 
 -108  

Phase noise 

(@ 597.5 MHz RX)  

(@ 2485 MHz TX) 

@ 2.5 MHz offset  
 -119  

dBc/Hz 
 -112  

Integrated single side 

band phase noise 

(@ 597.5 MHz RX)  

(@ 2485 MHz TX) 

from 100 Hz to 10 MHz 
 -43  

dBc 

 -31  

from 1 KHz to 10 MHz 
 -49  

 -41  

from 10 KHz to 10 MHz 
 -49  

 -42  

RMS frequency error 

(residual FM noise) 

(@ 2485 MHz TX) 

from 1 KHz to 2 MHz  9.0  
KHz from 1 KHz to 4 MHz  15.8  

from 1 KHz to 8 MHz  31.9  

Adjacent channel power 

@ 2 MHz, BW = 1 MHz 

(TX @ 2485 MHz, incl. PA) 

Normalized to 0 dBm output 

power. 

GMSK 1Mbits/s according to 

Bluetooth low energy 

specifications 

 -51  dBm 

Adjacent channel power 

@ 3 MHz, BW = 1 MHz 

(TX @ 2485 MHz, incl. PA) 

Normalized to 0 dBm output 

power. 

GMSK 1 Mbits/s according to 

Bluetooth low energy 

specifications 

 -54  dBm 

TX PLL bandwidth at -3 dB 

(@ VCO sub-band center)  

Ibias_chp_tx =  20 µA  @ 2485 

MHz 
 ±1.6  

MHz 

Ibias_chp_tx =  40 µA @ 2485 MHz  ±2.8  

Ref. frequency spurs (TX) @ fVCO ± fREF  -63  dBc 

Fractional spurs close to a 

synthetized frequency 

multiple of the integer 

reference frequency 

(here close to 19·fREF)  

@ 19· fREF or 19· fREF + 4 MHz , 

thus 2432.665 MHz or 

2436.665 MHz with fVCO = 

2434.665 MHz (19· fREF + 

2 MHz) 

 -39  dBc 

Transmitter 

TX current w/o synthesis, 0dBm   4.8 mA 
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PA current 0dBm on 50Ω load impedance   3.8 mA 

TX current w/o synthesis, -10 dBm   1.7 mA 

PA current -10dBm on 50Ω   0.7 mA 

Standby current 

consumption 
  ~1.5  µA 

Setup time    1 µs 

Max output power 50Ω load impedance   -0.4 dBm 

Spurious <1GHz 100kHz RBW (with SAW)   < -65 dBm 

Spurious >1GHz 1MHz RBW (with SAW)   < -65 dBm 

2nd harmonic 4.90GHz, w/o filter   -30 dBm 

3rd harmonic 7.35GHz, w/o filter   -32.5 dBm 

4th harmonic 9.80GHz, w/o filter   -42.8 dBm 

Receiver front-end (from antenna port to high-IF buffer input) 

RX frontend current 
LNA & MX, max. gain  3.6 1.7 mA 

Reduced current: -6dB  2.9 1.0 mA 

Standby current   ~0.2  µA 

Startup time   1  µs 

NF 50Ω source impedance  5  dB 

Gv (voltage gain)   20  dB 

Attenuation (AGC) 3 steps 

 3.5 

3 

6 

 dB 

dB 

dB 

IIP3   -29  dBm 

Receiver IF (from high-IF filter input to digital baseband) 

Receiver from high-IF to 

digital baseband current 
Depends on gain  6.5  mA 

            High-IF buffer   0.5  mA 

            Sampler & FIR / IIR   1.5  mA 

            VGA I & Q  3.0  mA 

            ADC I & Q  1.5  mA 

Standby current     mA 

Setup time   10  µs 

NF     dB 

IIP3     dBm 

Sensitivity From IF1 input   -30  dBm 

 From antenna / LNA input  -50  dBm 

Table 1: Summary of the measured performances of the RX PLL, TX PLL, the Transmitter and 

Receiver front-end and Receiver Intermediate frequency. 
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Figure 16: Current breakdown in Tx & Rx modes and extrapolated start-up current profiles.  
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4 Conclusions 

Important part of the RF SoC that have been integrated in 1st MPW has demonstrated 

performances aligned with specifications concerning the frequency generation (from BAW 

oscillator to RF synthesizers), the transmission (modulation and power amplifier), the 

receiver front-end (from RF to 1st IF) and the digital control system (controller with its 

peripherals). Only small tuning has been considered for 2nd MPW realization whose goal was 

completion of the RF receiver chain from 1st IF to digital baseband output.  

The RF peripheral functionality, which is the Antenna Impedance Sensing and Tuning, co-

integrated in both SoC versions, has also demonstrated good performances, described in 

D3.2 and D3.3 deliverables.  

The major issue is that the receiver performance is not in line with the expectations, mainly 

on the sensitivity side. Only -50 dBm have been achieved where better than -85 dBm were 

targeted. This is due to an issue in the VGA block, right before the 8-bit ADC.  As explained, 

due to design sensitive parts, it has not been possible to truly describe and explain this, a 

strong suspicion is on this block. To determine this with more accuracy, more deeply 

modelling of the blocks and technology should be carried out. 
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