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Intra-cortical extracellular neural sensing is being rapidly and widely applied in several 
clinical research and brain-computer interfaces (BCIs), as the number of sensing 
channels continues to double every 6 years. By distributing multiple high-density 
extracellular micro-electrode arrays (MEAs) in vivo across the brain, each with 1000’s of 
sensing channels, neuroscientists have begun to map the correlation of neuronal activity 
across different brain regions, with the single-neuron precision [1]. Since each neural 
sensing channel typically samples at 20-50kSps with a >10b ADC, multiple MEAs 
demand a data transfer rate up to Gbps. However, these BCIs are severely hindered in 
many clinical uses due to the lack of a high-data-rate and miniature wireless telemetry 
solution that can be implanted below the scalp, i.e., transcutaneously (Fig. 24.2.1). The 
area of the wireless telemetry module should be miniaturized to ~3cm2 due to 
neurosurgical implantation constraints. The transmission range up to 10cm is highly 
desirable, in order to improve the reliability of the wireless link against e.g., antenna 
misalignment, etc. Finally, the power consumption of the wireless telemetry should be 
limited to ~10mW to minimize thermal flux from the module’s surface area, avoiding 
excessive tissue heating. Most of the conventional transcutaneous wireless telemetry 
adopt inductive coupling, but the data rate is limited to a few Mbps. A near-infrared (NIR) 
optical transcutaneous TX using a vertical cavity surface emitting laser (VCSEL) [2] 
demonstrated a data rate up to 300Mbps but suffers from a limited transmission range 
(4mm) and requires a sub-mm precise alignment between the implant TX and a wearable 
RX. Impulse-radio UWB (IR-UWB) is promising for the targeted requirements [3-5].  

This paper presents a transcutaneous IR-UWB TX with a record high data rate, while 
achieving up to 10× longer transmission range and with performance well within the 
volumetric and heat dissipation constraints. Three innovations are introduced: 1) a hybrid 
impulse modulation combining M-PPM, M-PSK and M-PAM for maximizing the link 
budget, 2) a power-efficient delay generator for a calibration-free M-PPM, 3) a low-noise 
8-phase ring oscillator (RO) with duty-cycle correction for an accurate M-PSK. The state-
of-the-art IR-UWB TX achieves 1.125Gbps data rate by adopting digitalized multi-pulse-
position-modulation (D-MPPM) with a fine time step of ~50ps [3]. However, based on
Euclidean distance, high Eb/N0 is required to discriminate between two adjacent pulse
positions as the modulation order increases. This is not feasible in the targeted scenarios 
where the miniature antenna and tissue at UWB frequency can introduce up to 60dB of
path loss. In this work, we propose a 3-D hybrid impulse modulation (4PAM-8PSK-4PAM) 
that employs an agile digital polar-based IR-UWB TX. This approach achieves high data
rate with the modulation order of 7, while significantly reducing the Eb/N0 requirement by 
~20dB compared to M-PPM (Fig. 24.2.2). One key challenge of the proposed approach is 
to ensure a high level of independence among different modulations with low power
overhead when performed simultaneously. Prior IR-UWB TXs perform impulse modulation 
with either carrier-less [3][4] or up-conversion approaches [5]. The carrier-less TXs use
edge-combining which leverage the fast-switching digital logic in nanoscale CMOS, thus
power-efficient and requiring no dedicated LO. However, simultaneously performing M-
PPM and M-PSK in carrier-less TXs is challenging, since both phase and time need to be 
modulated via delay edges. The classical IQ-based up-conversion method can perform
the high order modulation, but limit to achieving high energy efficiency. The polar-based
up-conversion TX [5] consumes low power, as the pulse shaping is performed
asynchronously with delay cells and digitally-controlled PA (DPA). However, it is limited to 
support only BPSK. 

Figure 24.2.1 shows the proposed low power polar-based IR-UWB TX capable of the 
hybrid impulse modulation. The impulse waveform is shaped by the DPA and a pulse 
shaper (PS) which uses delay cells to perform FIR filtering in RF domain. An injection-
locked RO (ILRO) is adopted to provide low jitter, 8 phases for 8PSK in a wide frequency 
range. A 7b 238MSym/s digital data is distributed to three different modulation paths, PAM, 
PSK, and PPM, after being synchronized with a 476MHz system clock (SYS_CLK). The 

switch-cap DPA with 32-unit cells supports up to 4PAM. The 8PSK is performed by 
selecting one of 8 phases from the ILRO using a phase selector (PHMUX). By accurately 
delaying the impulse with a PPM control (PPM_CTRL), precise 4PPM can be supported.   

Figure 24.2.2 illustrates the timing diagram of the proposed 3-D hybrid impulse 
modulation. To avoid “inter-modulation” between PPM and PSK, the carrier phase is set 
at the beginning of each impulse symbol. To trigger an impulse, a 25% duty-cycled unit 
pulse (UNIT_PUL) at 238MHz is generated from the SYS_CLK. The PPM_CTRL shown 
in Fig. 24.2.2 modulates the delay of the UNIT_PUL according to the PPM data, and its 
output (PPM_OUT) is then fed to the PS to synthesize a triangular-shaped impulse. The 
pulse width of the impulse (TPULSE) is set to ~2ns by the PS, and the symbol period 
(TSYMBOL) is set by two cycles of the SYS_CLK to be 4.2ns. This ensures a sufficient time 
range (TPPM) to perform 4PPM and avoids potential impact from inter-symbol interference 
or multi-path. The PPM time step (TPPM_STEP) of 600ps is chosen according to the targeted 
Eb/N0 requirement (Fig. 24.2.2) and the PPM control complexity. The delay step is the 
quadruple of DCO_OUT (TDCO). As long as the DCO is injection locked by the SYS_CLK, 
no extra delay calibration is required. The proposed PPM_CTRL only dissipates 115μW. 

The proposed DCO is shown in Fig. 24.2.3. To reduce the antenna dimension and 
minimize harmonic pulling from the inductive powering [4], the DCO frequency is targeted 
to 6 to 9GHz, i.e., the high band of UWB. Generating 8 phases with a RO at up to 9GHz 
is challenging because it requires multiple delay stages for 8PSK. A negative skewing 
technique [6][7] is adopted for reducing the delay of each stage. In each delay cell, its 
PMOS (IPP/IPN) input is forwarded to the NMOS (INP/INN) one stage ahead, resulting in 
a faster transition and lower phase noise. However, this approach increases the duty 
cycle error, which degrades the 8PSK accuracy. The proposed DCO buffer with a 
feedback duty cycle correction is embedded in each delay cell with low capacitive loading 
and recovers the amplitude disturbance due to injection-locking, critical to ensure M-PAM 
accuracy.  It can correct the duty cycle error within 5ns, and each consumes only 120μW. 
The measured phase error of the proposed DCO is 2.6° at 6.7GHz, sufficient for low EVM 
(<-20dB) for 8PSK modulation. 

The proposed UWB TX IC was fabricated in 28nm CMOS, occupying only 0.155mm2, 
including an on-chip antenna matching network. The wireless module implemented on an 
FR4 PCB has a core electronic area of only 1.05cm2, including a printed circular 
monopole antenna sized 9.4×7mm2 and the TX IC (Fig. 24.2.7). The simulated antenna 
gain is -6 to -9dBi based on a human head model. An impulse modulation in time domain, 
an “eye-diagram” of the impulse envelope and a constellation in complex plane of the 
hybrid modulation are shown in Fig. 24.2.4 demonstrate a high modulation quality. The 
DPA has a measured peak output power of 0dBm, and the measured DPA output 
spectrum complies to the FCC mask (Fig. 24.2.5), even without the attenuation of the 
tissue. To test the transmission range, the wireless module is inserted in a 15mm-
thickness, multi-layer porcine tissue, placed at various distances away from an UWB RX 
composed of a 15cm2 5dBi antenna, a 3dB-NF LNA and a high-speed oscilloscope as an 
ADC. The measured transmission ranges are 2 and 15cm at 1.66 and 1.43Gbps data 
rates, respectively, for bit-error rate (BER) below 10-4. Figure 24.2.6 summarizes the 
performance and benchmarks with state-ot-the-art transcutaneous and high data rate 
UWB TXs. The presented IR-UWB TX achieves the highest data rate with longest range 
under the implant condition, leading to the best-in-class range normalized energy-
efficiency of 45pJ/bit/m.  
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Figure 24.2.1: Conceptual diagram of intra-cortical neural sensing with 1.05cm2 
implantable UWB wireless telemetry (top) and block diagram of proposed UWB 
transmitter (TX). 

 
Figure 24.2.2: Timing diagram of the proposed 3-D hybrid modulation (top), 
proposed calibration-free PPM control circuit (bottom-left), and demodulation 
requirements for conventional modulations and proposed 3-D hybrid 
modulation (bottom-right). 

 
Figure 24.2.3: Proposed 8-phase DCO and its measured phase noise. 

 
Figure 24.2.4: Measured time-domain impulse modulation waveform (top), 
constellation in complex plain (bottom-left), and envelope eye diagram of the 
proposed hybrid impulse modulation. 

 
Figure 24.2.5: Measured spectrum at DPA out (top-left), power consumption 
(top-right), in vitro wireless measurement setup (bottom-left), and measured 
BER of 1.43 Gbps and 1.66 Gbps data rates at various transmission ranges. 

 
Figure 24.2.6: Performance summary and comparison table with prior arts. 



  
 

 
Figure 24.2.7: Die micrograph and prototype of the wireless module. 
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