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Abstract—A 7-nm leakage-current-supply (LCS) circuit monitors
leakage across process and temperature variations and controls PFET
block-head switches (BHSs) to supply the slow-changing leakage cur-
rent while a high-bandwidth analog low-dropout (LDO) voltage regulator
supplies the fast-changing dynamic current. By decreasing the LDO max-
imum current demand (Iygax), LCS test-chip measurements demonstrate
a 70 mV (44%) reduction in the minimum dropout voltage (Vpo,MIN)>
resulting in a wider voltage range of LDO usage for power savings of
14%-22%.

Index Terms—Low-dropout (LDO) voltage, LDO headroom voltage,
leakage monitor, leakage-current-starved ring oscillator (RO).

I. INTRODUCTION

Commercial system-on-chip (SoC) processors integrate a limited
number of input voltage (ViN) rails due to high costs. For this
reason, many cores share the same Vyy as illustrated in Fig. 1. Low-
dropout (LDO) voltage regulators [1]-[6] and dedicated phase-locked
loops (PLLs) allow each core on a shared ViN to employ a unique
supply voltage (Vpp) and clock frequency (Fcrk). The core requir-
ing the highest target Vpp and Fcpk sets the shared VN value as
depicted by CPU-0 in Fig. 1. This core operates at Vi via the PFET
block-head switches (BHSs) between Vin and Vpp while disabling
the LDO. A core with a lower target Vpp and Fcpg always oper-
ates at the lower Fp g to reduce power. To enable the LDO to lower
power further, the target Vpp must satisfy the LDO minimum dropout
voltage (Vpo,min)- If the target Vpp =< VIN-Vpo,MmiIN, the soft-
ware driver enables the LDO while setting the LDO reference voltage
(VREF) equal to the target Vpp to lower the core Vpp as described
by CPU-1, CPU-2, and CPU-3 in Fig. 1. Otherwise, the core Vpp
operates at VN via the PFET BHS while disabling the LDO.

In commercial SoCs, test time contributes a large portion of
the overall cost to design, manufacture, and test a high-volume
product. For this reason, SoC companies focus on reducing test
time. Premium-tier SoC processor testing performs maximum Fcp g
(Fmax) tests at target Vpp values or minimum Vpp (VMIN) tests
at target Fcp g values for the CPU and DSP via the BHS as illus-
trated with the green curve in Fig. 2. To reduce costs, SoC processor
tests traditionally do not include Fyjax or VMmN tests in LDO mode.
Rather, the test program verifies the LDO operation at the Fyjpax or
VMIN conditions as measured with the BHS. As a result, high-volume
commercial SoC products require the LDO Fyax > BHS Fyax
or LDO VN < BHS Vyn to avoid high test costs. Otherwise,

Manuscript received August 15, 2019; revised September 20, 2019;
accepted October 4, 2019. Date of publication October 14, 2019; date of
current version December 20, 2019. This article was approved by Associate
Editor Xin Zhang. (Corresponding author: Keith A. Bowman.)

K. A. Bowman, F. 1. Atallah, H. H. Nguyen, J. Jeong, D. J. Yingling,
A. Polomik, M. Harinath, and B. R. Appel are with Qualcomm Technologies,
Inc., Raleigh, NC 27617 USA (e-mail: kbowman@qti.qualcomm.com).

S. Gangopadhyay and A. Raychowdhury are with the School of Electrical
and Computer Engineering, Georgia Institute of Technology, Atlanta,
GA 30332 USA.

N. Reeves and A. Cassier are with Qualcomm Technologies, Inc.,
San Diego, CA 92121 USA.

Digital Object Identifier 10.1109/LSSC.2019.2947239

, Senior Member, IEEE, Samantak Gangopadhyay, Francois 1. Atallah, Member, IEEE,
, Jihoon Jeong, Daniel J. Yingling, Anthony Polomik, Mahesh Harinath,

, Senior Member, IEEE

CPU-1

CPU-2 CPU-3

Fig. 1. Example of SoC processor cores sharing a single ViN. CPU-0 requires
the highest target Vpp and Fcp g, thus setting the VN value and connecting
to Vin via the PFET BHSs with the LDO disabled. CPU-1, CPU-2, and
CPU-3 have lower target Vpp and Fcp g values with the target Vpp < VIN-
Vbo,MIN, allowing LDO usage with VRgF set to the target Vpp.

the software drivers permanently disable the LDO. Since the LDO
operates with much less decoupling capacitance to suppress Vpp
noise as compared to the BHS, the processor cores need a high-
bandwidth LDO with a fast-transient response. Fig. 2 contains two
hypothetical curves in red corresponding to separate LDOs with
fast and slow transient responses. In this example, the LDO with
a slow-transient response provides an LDO Fyjax < BHS Fyax.,
resulting in the software driver disabling the LDO operation. The
LDO with a fast-transient response in Fig. 2 satisfies the constraint
of LDO Fyax = BHS Fyax, allowing LDO usage when the target
Vpbp < VIN-VDo,MIN- For these reasons, high-volume premium-tier
SoC CPU and DSP cores prefer high-bandwidth analog LDOs for
fast-transient response [1], [2].

A key challenge with analog LDOs in SoC cores is the large
Vpo,MiIN (e.g., 150-200 mV [2], [3]) to supply the core maximum
current demand (/yax) at worst-case dynamic and leakage con-
ditions. The large Vpo min limits LDO usage. An approach for
reducing Vpo,miIN is increasing the power-PFET width. For the ana-
log LDO design in this letter [6], however, the bandwidth decreases
as the power-PFET width increases as described in Fig. 3. For this
design, the maximum Vpp-droop specifications limit the power-
PFET width. Alternatively, the stability of an output-pole-dominant
analog LDO constrains the power-PFET width. Although all-digital
LDOs reduce Vpo,miIN. these designs suffer from low gain and high
output ripple, thus degrading core performance. Hybrid LDOs [1]
employ digital and analog loops to tradeoff the strengths and weak-
nesses of traditional digital and analog designs. The challenge with
hybrid LDOs is managing the complex load sharing between the
analog and digital loops while maintaining high bandwidth and
stability.

This letter describes an all-digital leakage-current-supply (LCS)
circuit in a 7-nm [7] test chip to only supply the leakage current.
Although leakage exponentially varies across process and temper-
ature variations, the current change is slow, allowing the LCS to
compensate for the leakage while avoiding load sharing with the ana-
log LDO. At worst-case process and temperature conditions, leakage
significantly contributes to Iyjax. LCS reduces the LDO Iyjax, and
consequently Vpo MiIN, resulting in higher LDO usage for core power
savings [5], [6].
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Fig. 2. Tllustration of the maximum Fcpg (Fymax) versus Vin for BHS
and VRgF for two separate LDOs with a constant VN to highlight the LDO
testing implications in commercial high-volume SoC processors.
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Fig. 4. Test-chip block diagram of the LCS circuit integrated with a BHS
and an analog LDO to power a CPU IEEE-compliant floating-point MAC,
BIST, and noise generators.

II. TEST-CHIP OVERVIEW

As illustrated in Fig. 4, the test chip features the LCS integrated
with a BHS and analog LDO between VN and Vpp to power
a CPU IEEE-compliant floating-point multiply accumulate (MAC)
unit, an on-die built-in self-test (BIST), and on-die programmable
noise generators. The LDO is a symmetrical operational transcon-
ductance amplifier followed by a power PFET. With post-layout
extraction and no external capacitor, the phase margin is 92° at the
unity-gain bandwidth [6]. The MAC performs single- and double-
precision IEEE floating-point multiply, fused multiply add, and
register load/store instructions to represent core functionality. An on-
die PLL generates the MAC Fcpk. The BIST executes functional
tests and verifies MAC outputs for Fjax testing. Noise generators
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Fig. 5. Leakage-current-starved RO schematic.

allow the injection of Vpp droops as observed during the normal
operation of a high-performance CPU. The test chip is manufactured
in a 7-nm FinFET CMOS technology [7]. Test-chip measurements
are performed with an Advantest 93 K production tester.

III. LEAKAGE-CURRENT-SUPPLY DESIGN

The LCS design in Fig. 4 contains a leakage-current-starved
ring oscillator (RO) to generate an RO frequency (FRrg) to track
leakage, a frequency counter to measure FRo, control logic to
map the frequency counter output (CNToyT) to a BHS configura-
tion (lcs_bhs_cfg) to supply the leakage, and a BHS. The digital
RO in Fig. 5 maps leakage current to an easily measurable Fro
while avoiding the circuit complexities, additional bias or reference
voltages, and analog-to-digital converters in prior analog leakage
sensors [8], [9]. The RO includes a NAND gate and 50 inversion-delay
stages with each stage consisting of a leakage-current-starved inverter
followed by a Schmitt trigger (ST) to provide a critical hysteresis for
increasing the RO-delay dependency on leakage. Fig. 6 highlights the
importance of the ST with simulations of the RO with and without
the ST. As the input (a) of the current-starved inverter transitions
from 0 V to Vpp, the output (ab) experiences a charge-sharing effect
with node mn that quickly changes the ab voltage from 0.8 V to
0.67 V, resulting in a rapid 130 mV drop. The leakage from the bot-
tom NFET slowly completes the ab voltage transition from 0.67 V
to 0 V. Without the ST circuit in Fig. 6(b), the delay dependency
on leakage only occurs when ab changes from 0.67 V to 0.40 V
to transition the next inverter stage. The ST creates a hysteresis to
require a larger ab voltage change beyond 0.4 V to transition nl. With
the ST circuit in Fig. 6(a), the leakage discharges ab from 0.67 V to
0.32 V to transition n1, thus increasing the required ab voltage change
by 80 mV (30%) as compared to the RO without the ST. Although
ab experiences ~50 mV increase from the coupling capacitance as
nl transitions high, this does not affect the n1 transition due to the
ST hysteresis. A similar behavior happens when the input transitions
from Vpp to 0 V. As a result, the bottom NFET and top PFET leakage
currents of the current-starved inverter dominate the stage switching
delay to accurately map leakage to Fro. The inverters after the ST
circuit in Fig. 5 improve the input slope to the next RO stage.

Another concern for the RO without the ST is the significant
slowdown in the ab voltage transition near 0.5Vpp [e.g., 0.4 V in
Fig. 6(b)] due to the coupling capacitance as nl rises. For this rea-
son, the nl transition is highly sensitive to voltage noise, especially,
at lower temperatures where the voltage change is slower due to less
leakage. At these conditions with voltage noise, nl may transition
up, then down, and eventually up again from a single input (a) tran-
sition. This multiple-n1-transition effect may lead to an inaccurate
FRro- The inclusion of the ST avoids this issue to enhance the RO
stability.

As described in Fig. 7, the frequency counter contains a ref-
erence counter with a reference clock (clk_ref) at 20 MHz and
an RO counter with an RO clock (clk_ro) at Fro. ROgut in

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on June 28,2021 at 13:05:05 UTC from IEEE Xplore. Restrictions apply.



BOWMAN et al.: 7-nm ALL-DIGITAL LCS CIRCUIT FOR ANALOG LDO DROPOUT VOLTAGE REDUCTION 299

1.0
Leakage slowly Vpp=0.80V
discharges ab Temperature=105°C
0.8 f
- —Node: a
S S8 Node: ab
> L L - .
}-;0.6 [ :] —Node: n1
S | 2E
Zo4f 53 When ab is ~320mV,
g s e n1 quickly transitions
@ ‘p
02 | 2%
©
c v
oo
00 A A i
0 5 10 15 20 25
Time (ns)
(a)
1.0

Without ST, RO delay dependence
on leakage is It;ss

Vpp=0.80V
Temperature=105°C

0.8 |
/ —Node: a

s —Node: ab
o 06 —Node: n1
g KV\ﬁthout ST, node n1 transition
5 04 is highly sensitive to noise
>

0.2

0.0 . . .

0 5 10 15 20 25
Time (ns)
(b)

Fig. 6. Simulated node voltages versus time for the leakage-current-starved

RO (a) with the ST and (b) without the ST.

Fig. 4 drives clk_ro. The measurement starts when the reference
trigger signal (ref_start) transitions high to load a programmable
value (ref_cnt_preload) into the reference counter. On the subse-
quent clk_ref cycles, the reference counter decrements by one from
ref_cnt_preload to zero. When the synchronized RO trigger sig-
nal (ro_start) transitions high, the RO counter initially resets to
zero and then increments by one per clk_ro cycle. After the ref-
erence counter reaches zero, the synchronized ro_start transitions
low to disable the RO counter, which holds the RO counter out-
put (ro_cnt_q) constant to drive CNTgut in Fig. 4. The frequency
counter measures Fro over a target delay (e.g., 1 ms). Slow Fro
values require a sufficiently long target delay for an accurate Fro
measurement. The ref_cnt_preload equals the product of the target
delay and clk_ref (e.g., ref_cnt_preload = 1 ms x 20 MHz = 20 000).
Thus, FRro is the final ro_cnt_q divided by the target delay (e.g.,
Fro = ro_cnt_g/1 ms). Once the Frpo measurement finishes, the
frequency counter asserts an interface signal to trigger the control
logic to map CNToyr to a target lcs_bhs_cfg to supply the leakage.

Operating at 20 MHz, the control logic performs the CNTqyuT-
to-lcs_bhs_cfg mapping with look-up tables based on post-silicon
characterization of Frg versus leakage and BHS settings versus leak-
age as described in Section I'V. The LCS reconfigures the conventional
BHS for power gating and LDO enablement to reduce the power-
PFET area overhead by separating the BHS into 64 large-width power
PFETs and 64 small-width power PFETs with independent control.
The 64 small-width PFETSs provide the equivalent drive current of one
large-width PFET. The mapping of CNToyt to les_bhs_cfg occurs
after each Frg measurement (e.g., 1 ms). Otherwise, the control logic
is clock gated.

IV. TEST-CHIP MEASUREMENTS

The silicon measurements from the 7-nm test chip in Fig. 8 demon-
strate the leakage-current-starved FRrg closely tracking leakage

ref_start D FF Q ref_start_d
l>°—|_i>':DJE" REFCNT | = 2
ref_cnt_preload : REGISTER of—=—
g; ref_cnt_in D <31:0>
L\
clk_ref 1 |
@
-/ ref_cnt_q<31>
ref_cnt_not0 / ‘j.
\ ref_cnt_q<0> §
En ROCNT | =
REGISTER qf =21
<31:0>
PN
|
Fig. 7. Frequency counter schematic.
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0.8 V and temperature ranging from —15 °C to 105 °C at 15 °C steps.
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Fig. 9. Measured slope and R results from FRro versus leakage across Vpp
and LCS BHS settings to supply the leakage for Vin and Vpp combinations.

changes across the process and temperature variations of 30 dies from
—15 °C to 105 °C at 15 °C steps for a total of 270 data points (i.e.,
30 dies at 9 temperatures) at 0.8 V. Across the 30 dies, the leakage
power contribution to the total power ranges from 2% to 10% at 30 °C
and from 26% to 52% at 105 °C. The number of large and small BHS
power PFETS to supply the leakage is measured across VN and Vpp
combinations by using an analog voltage comparator and configuring
the LCS control logic to operate as a low-bandwidth digital LDO to
adjust lcs_bhs_cfg accordingly. From Fig. 9, linear-regression mod-
els derived from measurements of Fro versus leakage across Vpp
and BHS settings to supply the leakage across VN and Vpp com-
binations for the 30 dies from —15 °C to 105 °C consistently result
in an R% of 0.99. This post-silicon characterization enables one set
of look-up tables for every part to map Fro to lcs_bhs_cfg in the
control logic to avoid the expensive test time of per part calibration.

The worst-case process, temperature, and activity conditions define
the Vpo,MIN applied to software drivers for every part in commercial
SoC processors. At these conditions, leakage is a major contributor to
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Iviax- In Fig. 10, MAC Fyax measurements versus Vin for BHS
and VRgg for LDO with Viy = 0.9 V at 105 °C reveal the LCS
Vpo,MIN benefits. Since the LDO cannot supply Ipax until satisfy-
ing Vpo,MIN, the LDO Fyjax remains constant and below the BHS
Fmax until VRgg = 0.9 V-Vpo min. LCS reduces Vpo MmN by
70 mV (44%). At low VREgE, LCS assists the LDO transient response
for a higher Fpax. From Fig. 11, LCS decreases the Vpo MmN varia-
tion from 55 mV to 10 mV (5.5x) across 30 dies. In Fig. 12, measure-
ments demonstrate 43%-50% lower Vpo min for LCS across VIN.
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Fig. 13.  Measured total power versus Fcpg with Viy at 0.9 V, where the
target Vpp changes with Fcpk to represent the Vpp-Fcpk values across
DVFS states. Vpp remains at 0.9 V unless the target Vpp < VIN-VDpo MIN
to allow LDO operation at the target Vpp.

Measurements in Fig. 13 of the total power across target Vpp-
Fcrx values highlight the LCS power savings across dynamic
voltage-frequency scaling (DVFS) states. Since commercial mobile
SoC days-of-use (DoU) power is evaluated at 30 °C, the tester
applies the same temperature to provide a realistic measurement of
the LCS improvements. Although the power is measured at 30 °C,
the worst-case temperature of 105 °C dictates the Vpo min across all
temperatures. Starting at the highest Fcp g and moving toward lower
values, the MAC operates at the target Fcp g while Vpp remains at
0.9 V unless the target Vpp < VIN-VDo,MmIN- Once the target Vpp is
low enough to satisfy Vpo min, the system allows LDO operation at
the target Vpp for an additional Vpp power reduction. This behav-
ior is consistent with the software drivers in commercial mobile SoC
processors. The LCS enables LDO operation at 810 mV and below,
resulting in a 70-mV wider dynamic Vpp range of LDO usage for
14%—-22% power savings at the same Fcpk.
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