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What RF behaviour can transistors have?
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Output waves can be nonlinear and non-periodic / transient

Transient

Trapping, Self Heating

𝒂૚ ૛࢈

Steady state

௜ܵ௝ = อܾ௜௝ܽ ௔೔=0



Real-Time Oscilloscope (RTO) vs Nonlinear Vector Network Analyser (NVNA)
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RTO can capture transients, NVNA cannot → Must develop RTO framework

Time domain

UXR1104A (RTO)

Transient

Steady state

PNA-X N5274B (NVNA)

0ݐ 0ݐ + 0ݐݐ∆ + ′ݐ∆

for RTO 0 = ݐ∆
 Wideband, single-shot 

harmonic measurement

Frequency domain



RTO Experimental Setup
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Unmatched GaN-on-Si HEMT

DC Bias஽ܸ= 3.3 Vܫ஽ = 28mA

RF (Continuous Wave) 0݂ = 13 GHz஽ܲ௘௟௜௩௘௥௘ௗ= -10 dBm → 17 dBm



Calibrated Time-Domain Waveforms
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ௗܲ௘௟௜௩௘௥௘ௗ = ~14.1 dBm

• Inspect harmonic components

• Discrepancy Sources:

• Test-set variations

• Device behaviour 



ௗܲ௘௟௜௩௘௥௘ௗ (dBm)

ܾ 2 (dBm
)

Output wave

Output wave harmonics during power sweep
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Internal attenuators must be adjusted to maximise accuracy Clear markers = NVNA

Solid markers = RTO

Discontinuity from 
scaling of internal 

attenuators



Load match differs between setups

7

Output behaviour affected by Γ௅ → Γ௅,ே௏ே஺ ≠ Γ௅,ோ்ை

ௗܲ௘௟௜௩௘௥௘ௗ (dBm)

ܾ 2 (dBm
)

Clear markers = NVNA

Solid markers = RTO

ௗܲ௘௟௜௩௘௥௘ௗ (dBm)

ܽ 2 (dBm
)

Γ௅ = ܽ2ܾ2
Ideal 50Ω setup: Γ௅  = 0

Output wave Output reflected wave

|Γ௅,ே௏ே஺ 0݂ | = 0.098 ܼே௏ே஺ = 60.9Ω|Γ௅,ோ்ை 0݂ | = 0.049ܼோ்ை = 55.2Ω



Load Match Sensitivity
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DUT is sensitive to the small load match difference in the two setups

Δܾ2 phase between:
• Each Γ௅ and Γ௅,1 

• Γ௅,ோ்ை and Γ௅,ே௏ே஺
|Γ௅,ே௏ே஺ 0݂ | = 0.098 ܼே௏ே஺ = 60.9Ω|Γ௅,ோ்ை 0݂ | = 0.049ܼோ்ை = 55.2Ω

DUT sensitive to load match

Test-set component variations and contact change DUT behaviour, 
giving different waveforms



Dynamic load lines and self-biasing
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Differing RF stresses lead to different behaviours and non-identical waveforms

NVNA

Fast sweep (seconds)
RTO

Slow sweep (minutes)

→ Differing stress conditions
→ Changes DUT behaviour

→ Non-identical waveforms from each setup 

ܸீ  = -0.20

ܸீ  = -0.22

஽ܲ௘௟௜௩௘௥௘ௗ (dBm)



Key learnings and outlook
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Can extend to study transient effects 

which the NVNA cannot capture

Source of discrepancy Impact on results

Internal attenuator scaling Discontinuities at low powers

Test-set components Load match affects behaviour

Slow RTO sweep time DUT stressed more in RTO setup

Two separate setups: cannot expect 

exact same results

InP HBT, two-tone 6 GHz, 6.005 GHz, large-signal

TransientValidated that RTO can be used for 

large-signal measurements
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