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Abstract—This work presents a 280 MHz all-digital current-
mode IVR with a dual-observation current telemetry framework 
for scalable ganged power delivery in 2.5D/3D systems. 
Conventional current sensing is fundamentally limited by the 
bandwidth of the analog front-end, while digital sensing achieves 
high-bandwidth yet suffers from severe switching noise and 
quantization errors. Model-based approaches provide low-noise 
and bandwidth-limited estimation, leading to a fundamental 
trade-off between bandwidth, noise, and accuracy. To overcome 
this limitation, a dual-observation current telemetry framework 
is proposed, combining noisy high-bandwidth Vx-based digital 
sensing with low-noise, bandwidth-limited model prediction. A 
Kalman filter-based computational engine (KFCE) optimally 
fuses these complementary observations to generate a minimum-
variance current estimate, enabling robust and accurate current 
telemetry. Fabricated in 65 nm CMOS, the prototype operates up 
to 280 MHz, achieving >90% current estimation accuracy at 100 
MHz and a peak power density of 7.04 A/mm². The proposed 
architecture enables high-bandwidth and noise-robust current 
telemetry, providing a scalable solution for high-frequency 
ganged IVRs in next-generation 2.5D/3D HPC systems. 

Keywords—Integrated voltage regulator (IVR), digital 
current sensors (DCS), model-based current prediction, Kalman 
filter (KF), ganging, 2.5D/3D-IC 

I. INTRODUCTION  
Driven by the rapid growth of generative AI (GenAI) and 

large language models (LLMs), modern 2.5D/3D HPC 
processors are approaching a fundamental power wall at the 
kilowatt level. Emerging platforms such as SoW-X [1] enable 
wafer-scale heterogeneous integration with over 100 billion 
transistors, significantly expanding the power delivery network 
(PDN) into an ultra-large-scale distributed system (Fig. 1). In 
such systems, severe IR drop mismatch across tiles cannot be 
directly captured by voltage-mode control (VMC) [2], leading 
to substantial current imbalance and degraded efficiency in 
ganged operation. Current-mode control (CMC) has therefore 
been adopted to provide explicit current telemetry for cross-tile 
coordination and scalable ganging (Fig. 1) [3]. However, 
conventional implementations rely on analog current sensing, 
which is fundamentally limited by amplifier bandwidth and 
scaling constraints even in advanced FinFET technologies (Fig. 
2) [4]. While digital current sensing removes this bandwidth 
bottleneck [5], it remains highly susceptible to switching noise, 
quantization error, and EMI, necessitating complex calibration 
and limiting scalability in large-scale PDNs. 
 This work proposes an all-digital dual-observation current 
telemetry framework to address this challenge. A Vx-based 
digital current sensor (Vx-DCS) provides high-bandwidth and 

noisy measurements, while a model-based current predictor 
generates low-noise and bandwidth-limited estimates. These 
limitations lead to a fundamental trade-off between bandwidth, 
noise, and accuracy, which cannot be resolved by standalone 
sensing or prediction. A Kalman filter-based computational 
engine (KFCE) is introduced to optimally fuse these 
complementary observations, producing a minimum-variance 

 
Fig. 1. Ganged CMC FIVRs for robust XPU power delivery, mitigating PDN 
mismatch and enabling balanced current sharing over VMC.  

 
Fig. 2. Fundamental limitations of analog current sensing under technology 
scaling. 
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(MMSE) current estimate under both measurement noise and 
PVT variation. This enables accurate and robust current 
telemetry without sacrificing bandwidth, supporting scalable 
ganged operation in large-scale PDNs.  

The proposed architecture is implemented in a 65 nm 
CMOS prototype operating up to 280MHz. Measurement 
results demonstrate >90% current telemetry accuracy at 100 
MHz, a peak power density of 7.04 A/mm², and robust current 
sharing in ganged operation, validating the effectiveness of the 
proposed telemetry framework for next-generation 2.5D/3D 
HPC systems. 

II. DUAL-OBSERVATION FRAMEWORK WITH KALMAN FUSION 
To address the fundamental trade-off between sensing 

bandwidth and noise, a dual-observation current telemetry 

framework is proposed, as shown in Fig. 3 and Fig. 4, 
combining switching-node-based measurement and model-
based prediction within a unified estimation framework. Direct 
sensing from the switching node Vx provides intrinsically 
high-bandwidth information of the inductor current, yet is 
severely corrupted by switching noise, quantization error, and 
EMI. In contrast, model-based prediction leverages discrete-
time power-stage dynamics to generate low-noise but 
bandwidth-limited current estimates, with accuracy constrained 
by model mismatch and parameter variation. These two 
observations exhibit complementary error characteristics in 
both bandwidth and noise domains. 

As shown in Fig. 4, the inductor current is modeled by a 
discrete-time state-space representation characterized by 
system matrices (A, B, H) as a first-order state equation 

 
Fig. 3. Proposed all-digital current-mode IVR with Kalman filter-based current telemetry. The Vx signal is directly digitized for high-bandwidth sensing. A 
KFCE fuses dual observations to generate a minimum-variance current estimate IL,opt, enabling high-bandwidth and noise-robust control.  

 
Fig. 4. Proposed dual-observation current telemetry framework with a Kalman filter-based computational engine (KFCE). Noisy high-bandwidth measurements 
from Vx sensing and low-noise, bandwidth-limited model predictions are optimally fused to obtain a high-bandwidth and low-noise current. 
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derived from Vx-DCS and model-based prediction, where 
process uncertainty—including model mismatch and load 
disturbance—is captured by process noise Q. Meanwhile, the 
Vx-DCS provides a direct but noisy observation of the 
switching-node behavior, modeled as an equation with 
measurement noise R dominated by switching noise and 
quantization effects. 

Based on this formulation, a Kalman filter-based 
computational engine (KFCE) shown in Fig. 4 is employed to 
recursively estimate the discrete inductor current IL,opt. The 
Kalman gain Kk is adaptively determined by the relative 
covariance of process and measurement noise (Q and R), 
enabling optimal weighting between the two observation paths 
under time-varying conditions. As a result, the estimated 
current IL,opt[n] corresponds to the minimum-variance estimate, 
simultaneously suppressing measurement noise while 
compensating for model bias. Unlike fixed-coefficient filtering 
approaches that impose a static trade-off between bandwidth 
and noise, the proposed Kalman-based fusion dynamically 
adapts to both operating conditions and uncertainty levels, 
achieving high-bandwidth and low-noise current estimation 
without sacrificing robustness. This formulation provides a 
unified framework for integrating sensing and modeling in 
digital current telemetry. 

III. ALL-DIGITAL CURRENT-MODE IVR WITH IPC-BASED 
DYNAMIC FREQUENCY SCALING  

Fig. 3 shows the architecture of the all-digital current-mode 
(ADCM) IVR integrating high-bandwidth Vx-based sensing, 
Kalman filter-based computational engine, and single-cycle 
sensing-to-control timing, where the proposed KFCE enables 
minimum-variance current estimation IL,opt[n] within each 
switching cycle. However, the effective estimation bandwidth 
and computational overhead of the KFCE are inherently 
determined by its update rate, making a fixed-frequency 
implementation fundamentally mismatched to time-varying 
load dynamics. Under heavy-load or fast transient conditions, 
insufficient update frequency degrades tracking capability, 
while under light-load conditions, excessive updates lead to 
unnecessary power consumption without significant accuracy 
improvement. To address this limitation, a load-adaptive 
computation framework is introduced, as illustrated in Fig. 5, 
where the IL,opt update rate is dynamically adjusted according to 
the instantaneous operating condition inferred from the 

estimated current IL,opt. During heavy-load operation, a high-
performance mode is activated, in which the IL,opt update loop 
runs at an elevated frequency to enhance response speed and 
reduce estimation latency, enabling accurate tracking of rapid 
current fluctuations. Conversely, under light-load conditions, 
the system transitions to a high-efficiency mode with reduced 
update rate, leveraging the intrinsic noise-suppression 
capability of the Kalman estimator to maintain accuracy while 
significantly lowering computational power. This adaptive 
operation reduces the KFCE power consumption at 100MHz 
from 28mW in HP mode to 5mW in HE mode, achieving more 
than 5× power reduction while preserving accurate current 
estimation. This adaptive behavior is realized through an IPC-
based dynamic frequency scaling (iDFS) clock generation 
scheme that modulates the computation rate in alignment with 
load conditions, effectively implementing dynamic bandwidth 
scaling of the KFCE.  

Furthermore, this mechanism is tightly integrated with the 
single-cycle sensing-to-control loop (Fig. 3), where sensing, 
digitalization, and computation are time-aligned within each 
switching period, ensuring that the estimated current IL,opt is 
immediately available for duty control. As a result, the 

 
Fig. 5. KFCE with IPC-based DFS enabling load-adaptive computation. The 
estimated current IL,opt drives mode selection between HP and HE mode,  
dynamically balancing computational power and performance.  

 
Fig. 6. Fabricated ADCM IVR chiplet and 2.5D/3D heterogeneously 
integrated IPDs with co-designed vertical power delivery. 

 

 
Fig. 7. Measured KFCE current-sensing results and current-sharing 
performance of the two-tile ganged ADCM IVR chiplet. 
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proposed approach achieves a balance between high-bandwidth 
transient tracking and energy-efficient operation, while 
preserving real-time control capability. 

IV. MEASUREMENT RESULTS 
As shown in Fig. 6, the proposed all-digital current-mode 

IVR is fabricated in 65-nm CMOS with a 0.71 mm² active area. 
The prototype supports Fsw up to 280MHz with package-
integrated inductors. Measured KFCE current sensing results 
under different Fsw are shown in Fig. 7, the proposed scheme 
achieves <10% absolute sensing error from 0.3-1.9 A at 100 
MHz and achieving <17% error from 0.4-1.3 A at 280MHz. 
These results validate that the proposed KFCE effectively 
suppresses switching noise while preserving high-bandwidth 
current tracking.  

In two-chip ganged operation, the current mismatch 
remains below 5% under symmetric loading and within 11% 
under a 20 mΩ load mismatch, while conventional voltage-
mode control is expected to exhibit significantly larger 
imbalance. This corresponds to over 25% reduction in current 
mismatch compared to VMC-based ganging, confirming that 
the proposed telemetry effectively compensates PDN-induced 
asymmetry and enables robust current sharing. As shown in 
Fig. 8, under a 1.5 A/10 ns load step at 280MHz with a 4.1 nH 
air-core inductor, the output voltage droop is limited to 30 mV 
with a recovery time of 90 ns, demonstrating fast transient 
response enabled by high Fsw and high-bandwidth current 
telemetry. 

The IVR delivers up to 5 A load current as shown in Fig. 9, 
achieving a peak efficiency of 84.8% at 100 MHz and 76.1% at 
280MHz, corresponding to a peak power density of 7.04 
A/mm². These results validate that the fully digital architecture 
sustains high-frequency operation without sacrificing 
efficiency or power density. 

V. CONCLUSIONS 
This work presents a 280MHz all-digital current-mode IVR 

based on a dual-observation current telemetry framework. By 
combining Vx-based digital sensing with model-based 
prediction through Kalman filter-based fusion, the proposed 
architecture overcomes the bandwidth limitations of 
conventional current sensing approaches. The prototype 
demonstrates >90% current estimation accuracy, 7.04 A/mm² 
peak power density, and robust current sharing in ganged 
operation. These results establish a scalable all-digital current 
telemetry and control paradigm, enabling high-frequency and 
large-scale power delivery for next-generation 2.5D/3D HPC.  
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Fig. 8. Measured transient response at 280MHz using a 4.1nH air-core 
inductor. 

 

 
Fig. 9. Efficiency vs. load current at 100–280MHz (1V output) using a 
12.5nH IPD inductor and comparison with prior CMC IVRs. 

TABLE I.  COMPARISON WITH THE STATE-OF-THE-ART  
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