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Problem to be Addressed Communications must move to higher frequencies and will benefit

from the widely tunable properties of magnetic materials for applications in the tunable microwave and

millimeter-wave systems.

Intellectual Merit Objectives

1. Design receiver front-ends that use passive networks (of inductors, capacitors, and other

electromagnetic elements) to diversify the inputs from one or more antennas.

2. Development of digital-domain algorithms to optimally use the receiver front-end to identify and

suppress interference artifacts relative to the signal, and to provide control feedback to the adaptive

components.

3. Development of novel adaptive RF magnetic devices to provide real-time tunability to the receiver

front-end.

Broader Impacts Objectives

1. Highly-adaptive and highly-interference tolerant radio receivers.

2. Seminar teaching first-year URM doctoral students the academic and research “survival skills” needed

to succeed in their Ph.D. degrees and future career pursuits.

3. Graduate and undergraduate student training in understanding wireless systems holistically.

Project Summary

Receiver Front-Ends with Synthetic Diversity Networks

Optimized Digital-Domain Algorithms Development of Adaptive RF Magnetic Devices
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For n = 10, Hk = 11 kOe ----> f ~ 30 GHz

Tunable Circulators – Circulators are 3-port ferrite-based non-reciprocal devices that allow signal 

propagation in either clockwise or counter-clockwise direction. Tunable operation is possible with higher 

order modes.
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Tunable Phase Shifters – Non-reciprocal phase shifters based on high-impedance wire design 

offer tunable phase difference between the input and output selectively for a transmission direction.
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High-Impedance Wire Design

Strong ferromagnetic resonance and phase shift for LCP waves or reverse transmission.
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Circuit Model

HFSS Model

Tunable phase difference over a bandwidth of 600 MHz is possible with just 400 Oe of tuning field!
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Broader ImpactsRemaining Tasks and Future Directions

Perpendicular Magnetic Materials and Tunable Circulators

Adaptive Device Fabrication and Integration

Tuning in Adaptive Magnetic Components – permeability and resonance frequency are 

controlled by magnetic anisotropy. In-situ tuning  increases the magnetoelastic anisotropy through strain. The 

strain is generated by voltage control to a piezoelectric layer coupled to the magnet.

This research would not have been possible without the students and postdoc in 

training!

Seminar Course – URM first-year doctoral students are taught the essentials “soft skills” needed to be 

successful in their doctoral degrees. The goal: increase retention of URM doctoral students in engineering.

“Survival Skills”
(Just to name a few…)

Silicon-integrated fabrication is 

currently underway for tunable phase 

shifters and quarter-wave resonant 

waveguides.

Integration with the receiver front end will follow 

successful fabrication and characterization.

Master’s Student Alumni: Parker Miller (Cornell ’21), Maritza Correa (Cornell ’22)

Undergraduate Student Alumni: Chukwuemeka Emmanuel Adebi (LSAMP REU at Cornell ’21)

Karthik Srinivasan

Postdoc, Cornell

Sanaz Sadeghi

Ph.D. Student, Cornell

Esiri Oghenekaro

Ph.D. Student, Cornell

Haotian Zhai

Ph.D. Student, George Mason

Baseband Signal Model

Performance Characterization

Performance with Experimental Data:

System Optimization

• Improve optimization of network elements via rational function optimization 

to reduce computational complexity.

• Fully develop feedback control system to adjust element values of network.

• Support for multiple receiving antennas.

Experimental Validation

- Taped-out in 45nm RFSOI

- 1.2-2.4 GHz RF frequency range

- 4 sub-RXs, sharing the same LO

- On-chip LO CMR → Low I/Q imbalance

Artifact Suppression, Representative Measurement Results

- Signal is 16QAM with 128 symbols at 1.28 MSPS.

- PN is introduced by frequency modulating a tone by uniformly distributed noise

Receiver Chain Optimization and Frequency Scaling

• Intel 16nm FinFET

• Passive mixer-first
○ Higher OOB linearity

• Higher Frequencies
○ PN gets worse → 

Artifact mitigation is 

more necessaryMolnar et al , "Synthetic Diversity To Mitigate Out-of-Band Interference in Widely Tunable Wireless Receivers," 2019 53rd Asilomar Conference on Signals, Systems, and Computers

Sadeghi et al, "Widely-Tunable RF Receiver Employing Synthetic Diversity for Interference Mitigation," 2022 IEEE International Symposium on Circuits and Systems (ISCAS), Austin,
USA.
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IM3 Artifacts PN Artifacts Harmonic Downconversion

-83dBm signal at 1.7GHz

Interferers -20dBm at 2.1GHz(tone) 

and 2.5GHz(16QAM)

-83dBm signal at 1.7GHz

Interferers -28dBm at 1.5GHz(QPSK) 

-83dBm signal at 1.5GHz

Interferers -36dBm at 3GHz(16QAM) 

Perpendicular Magnetic Materials – In-plane magnetized radio frequency thin-film materials 

have long been available. Here, Bias-free perpendicularly-magnetized materials have been developed as a 

step towards enabling compact circulators and other non-reciprocal components for integrated transceivers.

In-Plane Magnetic Materials and Tunable Phase Shifters

In-Plane Magnetic Materials – Thin-film magnetic materials like CoFeB, FeCo and GdCo will 

be biased during deposition to achieve constant tunability up to high frequencies and subsequent voltage 

tuning of the permeability and bandwidth through coupling to a piezoelectric film.

Large Anisotropy 

Field (HK) for 

Microwave Bandwidth

Tunable Magnetic Anisotropy 

for Adaptive Permeability

Parallel two-ports 

are tractable and 

form a rich class of 

networks.

Linear combiner:
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MMSE weights:

best trade-off between interference rejection and noise amplification: 𝑤 ∼ 𝐑'
(# ⃗̃𝐺 𝑗𝑓) , where 𝐑- is the 

noise plus interference correlation matrix.

Performance metric:

Ratio of SINR at output of MMSE combiner to SNR without interference and with perfect matching:
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Insight: Even with optimal digital combining, performance can be improved by tuning the frequency 

responses ⃗̃𝐺 𝑗2𝜋𝑓* and ⃗̃𝐺 𝑗2𝜋𝑓+ .

Insertion
Loss

Correlation between
frequency responses at 𝑓! and 𝑓".

Trade-off between
noise and interference

Static Diversity Network: for some 

combinations of frequencies 𝑓* and 𝑓+ large 

losses are observed. This occurs mainly when 

the two frequencies are close.

Tunable Diversity Network: By allowing the 

network components to be tuned (within 20% 

of nominal values), excellent interference 

mitigation is possible even when frequencies 

are similar

Experimental data were collected at Cornell. For this example:

• Signal of interest: 16QAM, symbol rate 1.28 MHz, 𝑓* is 1.5GHz

• Interferer: strong CW signal at 𝑓+ 1.2GHz or 1.8GHz

• Interference mechanism: Intermodulation due to non-linear distortion (IM3)

Measured signal quality (EVM) after digital combining for three different linear combiners:

1. Matched filter – coherent combination of signal of interest; ignore interferer

2. Zero-forcing decorrelator – reject interferer regardless of noise gain; requires knowledge of 

frequency response at 𝑓+.

3. MVDR – adaptive MMSE

Moderately correlated 
frequency responses 

(𝑓"=1.8GHz)

Highly correlated 
frequency responses

(𝑓"=1.2GHz)

With moderate correlation, excellent rejection is maintained 
even with very strong interference.

With strong correlation, good rejection is maintained even 
with very strong interference while MF fails completely.

Paris and Zhang, "Synthetic Diversity for Interference Mitigation in Widely Tunable receivers," 2024 IEEE International Symposium on Dynamic Spectrum Access Networks (DySPAN)


