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Abstract—We present Ishtar, a power-efficient RISC-V base-
band system-on-chip (SoC) tailored for multi-standard integrated
sensing and communications (ISAC) in low-altitude wireless
networks (LAWNSs). Ishtar integrates a hierarchical scheduling
scheme and a system-level power-gating architecture that dy-
namically controls power domains to balance performance and
energy efficiency. It supports dynamic task scheduling across
heterogeneous protocols using a domain-specific, graph-based
representation. Implemented in 40 nm technology and running at
300 MHz, Ishtar achieves better normalized efficiency than state-
of-the-art SDR SoCs, delivering real-time multi-standard sniffing
under stringent power and area constraints.

Index Terms—SDR, RISC-V, SoC, power-gating, integrated
sensing and communications, low-altitude wireless networks

I. INTRODUCTION

Low-altitude wireless networks (LAWNs) have emerged
as critical infrastructure that enables communication among
unmanned aerial vehicles (UAVs), basestations, and ground
users [1], [2]. Effective operation of LAWNSs requires contin-
uous channel measurements and sensing (i.e., sniffing) across
heterogeneous links such as 4G, 5G, and satellite networks,
operating in diverse and dynamic environments (as shown in
Fig. 1). These scenarios impose stringent demands on radio
flexibility and processing capability. Software-defined radio
(SDR) architectures provide the necessary reconfigurability,
but their hardware implementations face tight constraints on
power and area efficiency. Commercial off-the-shelf (COTS)
solutions such as Sora [3] and Aerial [4] suffer from both
power and weight limitations, making them impractical for
airborne platforms. Multicore solutions, including Mempool-
based designs [S]-[8], offer core-level parallelism but face
challenges in meeting multi-protocol adaptability, power op-
timization, and fast waveform processing. Meanwhile, digital
signal processors (DSPs) such as Ceva [9], [10], Prabhu et
al. [11] and Tomahawk2 [12] integrate specialized hardware
accelerators, but exploiting these accelerators often demands
significant hardware expertise and programming effort, increas-
ing development complexity.

In this work, we propose Ishtar, a power-efficient SDR
system-on-chip (SoC) designed for multi-standard integrated
sensing and communications (ISAC). Ishtar employs a hier-
archical scheduling scheme and programmable power-gating
to balance performance and energy efficiency. With our in-
house protocol implementation, Ishtar supports dynamic task
scheduling and protocol-specific acceleration across heteroge-
neous communication standards, enabling real-time sniffing and
analysis in LAWNSs.

This work was supported in part by the National Natural Science Foun-
dation of China (NSFC) under Grants 62271300, in part by the Shanghai
Municipal Science and Technology Commission under grants 25DP1501502,
24DP1501100 and 24DP1500600. Available open-source protocol implemen-
tation: https://acelab-shu.github.io/ACE-Echo/.
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Fig. 1. A UAV performs channel sniffing of base stations in urban and
mountainous areas with assistance from satellite localization.
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Fig. 2. Overview of Ishtar. (a) S(y)stem architecture overview. (b) Data
processing flow and detailed structure of the DFE and cluster domains.

II. IMPLEMENTATION

System Architecture: As shown in Fig. 2(a), Ishtar is par-
titioned into four power domains to minimize dynamic power
consumption in low voltage threshold components. The always-
on (AON) domain manages the remaining three domains and
contains the power management unit (PMU), which controls
the sequencing of power switches and isolation signals. During
sleep mode, the system can be awakened by external signals or
an internal real-time clock (RTC) interrupt. The DFE domain
handles baseband signal processing from the transceiver, fea-
turing multiple multiply-accumulate (MAC)-based processing
elements (PEs) to meet the stringent real-time requirements
of instantaneous tasks such as synchronization. The cluster
domain comprises several computing clusters responsible for
ISAC; each cluster processes one physical channel defined in
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TABLE 1
IMPLEMENTATION RESULTS AND FEATURES OF THE PROPOSED DESIGN
COMPARED WITH STATE-OF-THE-ART SDR S0Cs

Ishta Heart- DXT501 Prabhu Toma-
shtar Stream [8] [14] [11]  hawk2 [12]
Tech. (nm) 40 12 28 28 65
Freq. (MHz) 300 800 800 290 445
Area (mm?) 31 5 48 22 36
Voltage (V) 1.1 0.8 0.9 1.0 1.2
0.0005 AON + 0.26 Sys
Power (W) +2.92 Core + 0.74 DFE 1.15 3 0.18 0.76
142.9 Core GOPS 410 102.4 105
Peak Perf. + 94.4 DFE GOPS GFLOPS ~ GOPS N/A GOPS
Norm. Eff.* 1.95 339 024 N/A 12.06
RISC-V RISC-V § RISC-V RISC
Frogram HW Sche SPMD H\‘:fgi ASIP  HW Acc.
ode SIMD SIMD € VLW VLIW
Power Opt. v X v v v
DFE v X 4 v b 4
Task Sche. v X b 4 X v
* Effici ali p Sh ceali 3 Techyheirs )2 ( Veneirs )~
ciency normalized to 40 nm and 1.1 V, with scaling factor { - Gtbeis eirs ) The

unit is Performance per mm? per W.

the communication protocol. Within each cluster, the hardware
scheduler maps individual protocol modules onto dedicated
cores for parallel execution [13]. The remaining components
form the system domain, which provides the minimal func-
tionality required for proper system operation. The main core
features a 1 KiB instruction cache and an 8 KiB data cache,
supporting the RV32IM instruction set architecture. Moreover,
Ishtar is test-ready, incorporating scan flip-flops, compres-
sion and de-compression logic, and memory built-in self-test
(MBIST) structures for compression mode testing.

Processing Dataflow: Fig. 2(b) illustrates the procedure
for channel status tracking. Before execution, the protocol
specifications of physical channels are condensed into depen-
dency acyclic graphs (DAGs) using a domain specific language
(DSL) [13], which explicitly defines data dependencies among
modules (i.e., tasks). Each task is implemented in C with vector
intrinsics [15] targeting the cores [16] within the cluster, and
the DAGs are stored in system or flash memory. Next, the
DFE processes the incoming baseband signals. The signals
first pass through a mixer for frequency-offset compensation,
followed by a cascadable systolic array [17] that performs fil-
tering and correlation to identify synchronization signals across
different protocols. The post-processing stage detects peaks and
generates a synchronization flag. The compensated baseband
signals and the DAG information are transferred to the cluster
memory via direct memory access (DMA) programmed by the
main core. The hardware scheduler then analyzes the DAG
and converts the dependencies into a task status table, which
tracks the input readiness of each task. Once all inputs are
available, the scheduler selects an idle core and triggers its
internal DMA to transfer the corresponding code and data into
the tightly coupled memory (TCM). Each core implements an
RV32IM processor with a custom vector extension optimized
for baseband processing, featuring multiple parallel lanes for
intra-lane computation and a permutation engine for inter-lane
operations. The computed results are written back to system
memory through dual DMAs.

III. RESULTS

Ishtar is synthesized using the SMIC 40 nm process and im-
plemented at 300 MHz with Cadence Innovus. The current ver-
sion of Ishtar instantiates a single computing cluster comprising
two cores, one of which features vector processing capabilities
(64 lanes). Power analysis is performed using Ansys RedHawk.
All protocol implementations follow the specifications defined
in [18]-[21]. Functional and latency evaluations are conducted
using Synopsys VCS.
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Fig. 3. Floorplan details of Ishtar. (a) Floorplan of the vector extension core.
(b) Floorplan of the complete SoC. (c) Area breakdown of Ishtar.
TABLE I
LATENCY OF PHYSICAL CHANNELS ACROSS DIFFERENT CELLULAR
GENERATIONS (W/0 CODE OPTIMIZATIONS, 50 MS SENSING INTERVAL)

Physical Channels ~ Gen.  Latency (us)  Norm. Eff.
Broadcast 4G 864.18 24.66
Control Format Indicator 4G 115.25 28.69
Downlink Control 4G 4707.56 14.31
Downlink Shared 4G 7940.43 10.58
Broadcast 5G 3618.39 16.24
Downlink Control 5G 1775.30 21.05
Downlink Shared 5G 17494.58 5.97

Comparison with State-of-the-Arts: Table I summarizes
the implementation results and key features of Ishtar compared
with other SDR SoCs. Ishtar achieves superior normalized
efficiency, primarily attributed to its high-performance com-
ponents — including both the DFE and the vector extension
core — as well as its low power consumption. Moreover, Ishtar
simplifies the programming model: the hardware scheduler op-
erates transparently to the programmer, requiring only minimal
configuration effort.

Implementation Details: Fig. 3 illustrates the implemen-
tation details of Ishtar. The cluster and DFE domains domi-
nate the overall floorplan, occupying 66.4% of the total chip
area. The AON domain accounts for only 1.1%, consuming
minimal power during sleep mode. The floorplanning of the
vector extension core presents a particular challenge due to the
permutation engine, which requires interconnections with all 64
lanes. To ensure balanced routing density and timing closure,
cell and module padding techniques are applied to adjust the
placement density between the central and peripheral regions.

Physical Channel Latency: Table II presents the latency of
various protocols executed on Ishtar under a 50 ms interval.
Ishtar demonstrates strong efficiency owing to its power-gating
strategy. The measured latencies are in the millisecond range,
primarily constrained by computationally intensive algorithms
such as channel decoding and equalization.

IV. CONCLUSION

This work introduces Ishtar, a RISC-V baseband SoC op-
timized for multi-standard ISAC in LAWNSs. The hierarchical
scheduling and power-gated architecture jointly enable scalable
performance with minimized power overhead. Experimental
results demonstrate efficiency gains and flexible programma-
bility over existing SDR SoCs, validating Ishtar as a practical
foundation for low-power, real-time multi-standard channel
sensing in future UAV and edge communication platforms.
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