Broadband parametric amplifiers
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Quantum Measurement and Control Lab

www.tifr.res.in/~quantro/

1. Quantum error correction 5. High speed digital/analog signal
2. Weak measurements processing with FPGA
3. Novel qubit designs 6. Opto-mechanical systems

4. Ultra-low noise amplifiers 7. Quantum simulations




Outline

* Parametric amplification

— Superconducting parametric amplifiers
* Enhancing amplifier bandwidth

e Future directions



Amplification process
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An amplifier in general degrades signal to noise ratio

BUT IT MAKES THE AMBIENT/DETECTOR NOISE INCONSEQUENTIAL




Added Noise

* What is the origin of the added noise ?

e Can we make added noise zero ?

QM: HEISENBERG’S UNCERTAINTY PRINCIPLE

Position and Momentum: Ap Ax > h/4m

Quanta and phase of oscillations:  An A¢ > 1/2

Minimum added noise for phase preserving amplification

Clerk at al., Rev. Mod. Phys. 82, 1155 (2010)



Digitizer Voltage (V)

The power of good SNR

Quantum jumps

Digitizer voltage (V)
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And much much more.....



Parametric Amplification
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Parametric amplification in resonators
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Parametric Amplification

» Harmonically varying system parameter w,

X+ 2% + wp?[1 + a cos 2wot]x = Fcos wgt
| ump
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Pump @y = 2wy Response  Ws , Wy — Wy

x(t) = Acos(wst + @) + Bcos((Qwy — w) t + ¢5)
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Energy for amplification is drawn from the pump



Nonlinear classical oscillator

Oscillation Amplitude
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Driven non-linear oscillator

X+ 2T% + wo?[x — ax®] = F, cos w,t
x(t) = xp, cos(wyt + ¢p)
X+ 2T% + wo*[x — ax®] = E, cos w,t + F; cos wst
x(t) = x, Cos(wpt + qbp) + y(t) Fs K E,|ly(t)]| < x,

v+ 2I'y + wo,effz[l + k cos prt]y = F, cos wt

Detuned pump: Wp F Woeff



Non-linear oscillator as a paramp
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Voltage Gain

Beyond Gain Bandwidth Product

L
Q
S
Ry
<
&
~
N

— 10 MHz BW

oMb Ew [Gain X Bandwidth (BW) = const.}

Increase k to increase BW
= Drive harder : Instability?

More BW without changing k?
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Signal Gain (dB)

Transformer Design
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Signal Gain (dB)
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Theory: The Hamiltonian

System: detuned non-degenerate parametric amplifier

H, = ) (afa, +ala,) —i ,1 (alal —a,a,)

Effective detuning Pump strength
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Tanay Roy et. al. Appl. Phys. Lett. 107, 262601 (2015) With Aash Clerk



Theory: Signal and Idler Gain
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Signal gain:
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Idler gain:
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Tanay Roy et. al. Appl. Phys. Lett. 107, 262601 (2015)




Optimization

Signal gain:

Gs = |51 = |11 — kxq4?

— 1 + aO ++ a4(1)4 + *ee
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Tanay Roy et. al. Appl. Phys.
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Lett. 107, 262601 (2015)



Optimization

Signal gain:

Gs = |15]% = |1 — Kkyq4] At optimal slope: Zp¢

=1+a0+%+a4a)4+---
C L

Tanay Roy et. al. Appl. Phys. Lett. 107, 262601 (2015)
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Implementation

Standard Modified New impedance
180° hybrid 180° hybrid transformer



Experimental Result
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Z, (Q)

Non ideal environment
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Tanay Roy et. al. Appl. Phys. Lett. 107, 262601 (2015)



Optimizing Input Admittance (Yiy)
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Optimizing Input Admittance (Yiy)
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Optimizing Input Admittance (Yiy)
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Optimizing Input Admittance (Yiy)
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Other paramp designs

Direct Parallel LC Flux Series array
pumping paramp pumping LC paramp

With Nicolas Roch

Negative
resistance
amplifier




Signal Gain (dB)

Two port amplifiers: JPC?

ZOSI Wg ZOi; Wi
Signal port n Idler port

Idler Gain (dB)

52 54 56 58 6.0 60 62 64 66 68
Signal freq. (GHz) Idler freq. (GHZz)

In progress....



Conclusion
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Future Directions

* Implement and test multi-pole designs

* Improve saturation power

 Combine the two techniques

« Experimental tests of other paramp designs
* Multiplexed multi-qubit readout

* Photon correlation measurements

« Fast high fidelity readout

Signal Detuning (o /x)



