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21.9 A-82.3dB THD+N 60V Fully Integrated Shunt-Resistor-Based In-Line Current Sensor with DLL-Assisted Dynamic Body-Biasing Technique

Heng Ma, Huajun Zhang, Qinwen Fan

TU Delft, Delft, The Netherlands

Abstract

Floating-G,,-based current sensors are effective in rejecting PWM common-mode voltage.
But their linearity drops at high voltages due to substrate-current-induced body effect in
LDMOS devices. To address this issue, this work introduces a DLL-assisted dynamic body
biasing sensor in 0.18um BCD, improving HD2 by 31dB and THD+N by 14dB. And a peak

High-linearity current sensors are essential for high-performance audio systems and
precision motor drivers, etc. In particular, in-line shunt-resistor-based current sensors are
gaining popularity due to their potentially high linearity [1]. To achieve high power efficiency,
such systems often rely on switched power stages—e.g., power inverters or Class-D
amplifiers—, controlled by pulse-width-modulated (PWM) signals to drive the load. The
inline current sensor, placed between the power stage and the load, is then directly exposed
to fast, high-voltage (HV), common-mode (CM) PWM pulses at the output of the power
i stages, which can induce severe glitches at the sensor output and significantly degrade
N linearity [2]. To mitigate this issue, a floating G, stage can be used to effectively reject the
S HV fast PWM voltage [3,4], followed by an HV LDMOS buffer stage that transfers the signal
Efrom the floating voltage domain to the low-voltage (LV) domain. High linearity together
t.oWIth PWM rejection up to 2MHz was demonstrated in [3], but its low input voltage range
(14 4V) makes it incompatible with many switching systems that operate under the
m increasingly common 48V supply standard and above [2]. Increasing the PWM voltage will
g lead to higher Vg stress on the LDMOS transistors, which can cause severe body leakage
§ current—a phenomenon known as substrate current-induced body effect (SCBE) shown in
AFig. 21.9.1 top [5]. This can, surprisingly, but significantly increase the second-order
S harmonic distortion (HD2). To mitigate this, a DLL-assisted dynamic-body-biasing (DBB)
Htechnlque is proposed, which yields up to 31dB improvement in HD2 and 14dB
S |mprovement in THD+N. Implemented in a 180nm BCD process, the proposed current
< sensor achieves a peak THD+N of -82.3dB with a 4A, 1kHz input signal, while rejecting HV
8 PWM signal up to at least 2MHz. It offers a 60V input voltage range with a DC CMR of
—132dB while consuming 1.7mA current.
I.I.l
mThe proposed inline current sensor is shown in Fig. 21.9.1 bottom, which consists of an
O on-chip shunt resistor Rg, a floating G, (FG,) stage powered by the bootstrap voltage Vggr
© (commonly available in high-power swﬂched amplifiers for high-side gate driving), an HV
& LDMOS current buffer (Mp,,,), and an LV (5V) transimpedance amplifier (TIA) built around
§A1. 70V LDMOS are chosen to allow 60V input CM range with extra safe margin. A resistor
o thermal compensation scheme is employed to mitigate nonlinearity due to Rg self-heating
\[3] A DLL-assisted timing generator monitors the PWM voltage Vg, and generates control
m signals for the DBB circuit, which dynamically adjusts the LDMOS body voltage during Vg
mtransmons effectively suppressing SCBE-induced distortion.
I.h
m Figure 21.9.2 illustrates the proposed DBB scheme and compares it with conventional
o approaches. Conventionally, the body of My, is either connected to the supply FVDD (BTF)
R or to its own source (BTS). In the former configuration (Fig. 21.9.2 top-left), where FVDD
2is 5V above Vsw, a body current lgege is generated due to SCBE, which is dependent on
’gVDS: the higher Vpg, the higher lgege. Since Vpg changes with Vg, which is a PWM-modulated
A version of lgg, lscse becomes signal dependent. At first glance, this appears to be a CM
error. However, |seqe also depends on Iy directly, due to the fact that higher lgg induces
émore impact ionization—the origin of lgge [5]. Consequently, lgcge contains a differential
& component proportional to ~lg¢’, which can result in an HD2 distortion ~-67dB with a 4A
Ccurrent in this design. In the BTS configuration (Fig. 21.9.2, top-middle), lscge Would
38 > circulate inside the LDMOS, leaving the drain current undistorted. However, HV LDMOS
'§ devices are typically fabricated directly on the substrate (in non-SOI processes) without an
5 additional isolation well, resulting in a parasitic body-to-substrate capacitance Cp. During
w high slew rate PWM transitions, the G, charging and discharging current I gy (up to mA,
£ level) can lead to large voltage glitches on Vg (Fig. 21.9.1 bottom) and can drive the circuit
= shortly into a nonlinearity region and degrade performance. This effect becomes more
g severe with increasing PWM frequency (foy): @ trend that has become prevalent in many
< Switching power systems to reduce system bulk.

tion

® To address the limitations discussed above, DBB is proposed, which combines BTS with a
@ body-to-source buffer (BTB) path and is shown in Fig. 21.9.2 bottom with its control timing
= dlagram When Vg is high, the BTS path is selected, preventing additional lgcge from being
v Wwinjected into the drain. During the PWM transitions, the body is switched to the BTB path,
@ « Which allows I g to be sourced from Vs gyr, Where Vg g is a buffered version of the source
Q voltage. The source buffer is implemented using a floating Class-AB source follower to

ensure fast settling during PWM transients. Native NMOS devices are used to reduce the

voltage difference between Vs and Vs gy, allowing smooth switching transition and

THD+N of -82.3dB is achieved in the meanwhile. It supports 60V common-mode, rejects
PWM up to 2MHz, and enables high-linearity sensing for high power audio and motor-driver
systems.

preventing additional glitches on V. It should be noted that while it is crucial to stay in
BTS configuration during Vg is high to minimize lgcge injection into the drain, it is much
less of an issue when Vg, is low, as lgege is significantly lower. As a result, a BTB
configuration is chosen when Vg, is low for simplicity in control as shown in Fig. 21.9.2
bottom-right. Simulations in Fig. 21.9.2 top-right show that with a 48V, 2MHz PWM signal
under a slew rate ranging between 1 and 10V/ns, the proposed DBB can effectively reduce
the Vag glitch from up to 2.3V to 0.5V compared to BTS.

To realize the proposed DBB operation, the control signal ¢, (Fig. 21.9.2 bottom-right) must
switch on immediately after the rising edge and shortly before the falling edge of the Vg,
so that BTS is active as long as possible when Vg, is high, while BTB is immediately active
before each PWM switching. The former switching operation can be realized by timing the
Vg rising edge using an inverter buffer; the latter switching operation, however, requires
the knowledge of the incoming Vg, falling edge in advance, which can be tricky for
standalone current sensors since the internal PWM clocks of the switching power stage
may not be accessible. To solve this issue, a DLL-based timing generator is employed to
predict the PWM falling edge, which is shown in Fig. 21.9.3. The input Vg, is first attenuated
by a 1/11 voltage divider to limit its swing within 5V. A hysteresis digital buffer then reshapes
the PWM waveform and suppresses ringing due to parasitic inductance and high di/dt
during transients, producing a clean digital signal DIN as the DLL input. The DLL consists
of a phase-frequency detector (PFD), a charge pump (CP), a filter capacitor C+, a voltage-
controlled delay line (VCDL), and fixed delay cells tye ay- The PFD compares DIN with the
feedback signal DFB, and the resulting phase error is integrated by the CP and Cg ;. Once
locked, DIN and DFB are phase-aligned and the intermediate node DOUT, located before
the fixed delay cell, leads DIN by a constant delay tpg 4y Finally, by logically combining
DOUT and a delayed version of DIN (DINpg ay) using an AND gate, the body control signal
@, is generated. toe 4y Should be long enough to ensure the LDMOS switch to BTB before
the falling edge of Vg, while tolerating slew rate variations of Vg, and phase errors due to
the finite DLL bandwidth. However, a long tyg v Will shorten the BTS duration when Vg, is
high, producing un-negligible I;s: and HD2. This effect becomes more pronounced at higher
PWM frequencies fpyy, Since a shorter PWM period makes tyg 4y contribute proportionally
more lgcge. TO minimize phase-lock error such that a shorter tpe 4y can be allowed especially
for higher fpyy, the DLL bandwidth is set as high as possible to extend the gain at the current
signal frequency (fgq), but is still kept <~0.1-foyy for stability [6]. Finally, tye ay iS chosen to
be ~50ns to accommodate a range of Vg, slew rate (>~1V/ns) and fpyy (384kHz to 2MHz)
such that the proposed current sensor is compatible with a wide range of commercial Class-
D audio amplifiers. Figure 21.9.3 bottom presents measured results at fpyy = 38-f5 and
200-fgq, respectively, where fgg is 10kHz and the current amplitude is 4A. In both cases,
the @, falling edge is successfully locked to lead DIN by tpg ay- It's worth noting that the
proposed scheme can also be applied to other use cases with different g, and fpyy ranges
as long as fayy >> g, Which is often the case.

The sensor was fabricated in a standard 0.18pm BCD process and occupies an area of 2mm?
(Fig. 21.9.7). It is measured with a commercial Class-D audio amplifier TAS6684, which
allows a wide range of internal oy (384kHz to 2MHz) to demonstrate the versatility of the
proposed design, but its maximum supply voltage (48V) and unadjustable slew rate also
limit the setup. Figure 21.9.4 top-left shows the measured spectrum of Vg, under a 4A,
1kHz input current and 1MHz foy,. Compared to BTB where Iggg: is added to Igq similar to
BTF, the proposed DBB improves HD2 by 27dB. The measured HD2 with 1kHz signal
frequency versus signal amplitude (6mA to 6A) is shown in Fig. 21.9.4 top-middle and the
HD2 with 4A signal amplitude versus signal frequency (20Hz to 10kHz) is shown in Fig.
21.9.4 top-right, both demonstrating significant HD2 improvements using DBB. Vgyr
spectrum with 4A, 1kHz signal current is measured with various fpyy (384kHz to 2MHz)
and is shown in Fig. 21.9.4 left-bottom, proving the robustness and versatility of the
proposed DBB. THD+N with 1kHz signal frequency versus signal amplitude and with 4A
signal amplitude versus signal frequency are shown in Fig. 21.9.4 bottom-middle and right,
demonstrating 14dB improvement with DBB. Figure 21.9.5 top-left shows that the measured
THD+N versus signal amplitude of 3 samples varies only by <2dB. Figure 21.9.5 bottom-
left illustrates the improved THD+N with a 4A, 1kHz signal varies negligibly over
temperatures (-40°C to 85°C), using DBB. Figure 21.9.5 top-right shows the transient
response of Vyyrunder a 2MHz, 48V V. It can be seen that DBB effectively reduces the
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PWM switching glitches compared to BTS. The difference is expected to be more
significant if a higher slew-rate power stage is used. Figure 21.9.5 bottom-right shows
the measured DC CMR of the current sensor, demonstrating a 0V-to-60V input CM
operating range and a 132dB CMR.

Figure 21.9.6 summarizes the sensor performance and compares it to state-of-the-art
designs. Compared to [3], the proposed design extends the supply voltage capability from
14.4V to 60V while maintaining similar PWM rejection frequency and THD+N. Compared
to other prior works with >40V input range, it achieves at least 16dB better THD+N, 16x
higher PWM rejection frequency and 10dB higher DR, while consuming comparable
current.
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Figure 21.9.3: The proposed DLL-assisted timing control block (top), and the measured| Figure 21.9.4: Measured output spectrum (top-left); measured THD with various fpyy
transient waveform under different PWM frequencies and different pulse duty cycles (bottom-left); measured HD2 and THD+N versus current amplitude and frequency
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(bottom-left); the transient waveform with DBB versus BTS (top-right); measured CMR Figure 21.9.6: Comparison to the state-of-the-art current sensors for switched power
(bottom-right). systems.
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Figure 21.9.7: Die micrograph.
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