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ABSTRACT

In this work, we present the invertible neural network for predict-
ing the posterior distributions of the design space of broadband
active mixers with RF from 100 MHz to 10 GHz. This invertible
method gives a fast and accurate model when investigating crucial
properties of active mixers such as conversion gain and noise figure.
Our results show that the response generated by the invertible neu-
ral network model has close correlation with the output response
from the circuit simulator.
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1 INTRODUCTION

In electronic design automation (EDA), circuit and system design-
ers often iterate through copious amounts of design variables, a
process termed design space exploration, in an attempt to find the
optimal solution that satisfies a target performance. This process is
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Figure 1: Model-based design framework that offers a custom
solution.

usually time-consuming and cost-intensive because a lot of evalu-
ations have to be carried out. To tackle this task more effectively,
optimization methods [16], and surrogate modeling [18], [19] have
been proposed. However, the best solution may still not be achieved,
or several possibilities may be ignored [6].

Recently, machine learning (ML) frameworks have taken strides
in learning the forward and inverse mappings between a set of
inputs and outputs [14]. Consider a design space X of a parameter-
ized system, as succinctly shown in Fig. 1, that forms the input of
the ML framework or surrogate model, with corresponding output
response Y. This mapping relationship can be represented as:

Y =T(X) +¢, 1)

where T(-) is the forward mapping and € models the system noise.
The forward model learns the input-output relationship and pre-
dicts the output response given the input parameters. To estimate
the best set of input parameters that satisfies the desired target, we
find the inverse mapping:

X=T7(Y), )

where X is the inverse solution. This process is called inverse de-
sign. Inverse problems are often inherently ill-posed and intractable
for the following reasons: (1) Existence, which asks if the inverse
even exists and (2) Uniqueness, due to the ambiguity brought by
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the one-to-many mapping in the inverse direction. Several archi-
tectures have been proposed to address the problem of invertibility.
Artificial neural network models have been proposed to solve the
inverse problem by either: (1) Evaluating models iteratively to find
the optimal solutions for the specified output response, or (2) Train-
ing the input and output nodes by transposing them [10]. These
methods produce deterministic and point-estimate solutions with
no reliability guarantees. State-of-the-art generative models like the
generative adversarial network (GAN) [8], variational auto-encoder
(VAE) [11], and invertible neural network (INN) [5], [2] address this
issue by generating conditional posterior distributions rather than
point-estimates. One major advantage that the INN enjoys is that
the forward and inverse mappings can be efficiently computed [2].

In this paper, we propose an inverse design method for mi-
crowave circuits and electronic systems using INN. With inverse
design, the design parameters can be directly determined from
the output objectives. This offers the benefit of reduced design-
cycle time and related costs by increasing the overall efficiency of
the design process. We demonstrate the validity of the proposed
method with the inverse design of broadband active mixers with
output dimensionality up to 200. Active mixers is one of the vari-
ous sensitive circuitry in the make-up of the RF front end, hence,
accurate nonlinear modeling of mixers is crucial to getting good
performance.

The rest of this paper is organized as follows: section II delves
into the invertible neural network framework; sections III and IV
explore different applications of the INN method to electronic de-
sign, and present the results; we provide a concluding remark in
section V.

2 INVERTIBLE NEURAL NETWORK (INN)

The INN is a flow-based generative model [5]. It is based on the
concept of normalizing flows which utilizes the change-of-variable
law of probabilities to compute posterior probability distributions.
The INN possesses the properties of bijectivity to allow for efficient
computation of forward and inverse mappings. It guarantees the
existence of the inverse solution. Consider a sample x from design
space X and its probability density px (x), with its corresponding
y from the response space Y and its unknown probability density
py (y) with a transformation Y = f(X), we can form a relationship
between their probability densities through the change-of-variables

method [5], [9]:
d fe_1
det( Ix )

where we define all the composition of the INN architecture in a
single function fy, and 0 is the set of all network parameters. The
INN comprises stacks of invertible blocks, known as affine coupling
blocks, that can be trained simultaneously in either direction, as
shown in Fig. 2. Latent variables z (usually Gaussian) use the latent
space to learn the nonlinear transformation between this known
distribution and the original data distribution [20]. In Fig. 3, the
input vector to the affine coupling block is halved into [x1, x2], and
they are transformed by an affine function with coefficients e® and
t, given by [5], [2]:

Py (yl0) = px (fy ' () - , 3)

yr=x1. y2=x20e™) +1(xy). (4)
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Figure 2: Architecture of the Invertible Neural Network (X:
input, Y: output, Z: latent variable) [4].
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Figure 3: Computational graphs for (a) forward and, (b) in-
verse propagation [5].

Given the block’s output [yi, y2], these expressions are invertible
through [5], [2]:

x2 = (y2 — t(yn) o ™). (5)
(4) represents the forward mapping while (5) represents the inverse
mapping (see Fig. 3 for a graphical illustration). The transformations
in (4) and (5) use element-wise additive (+) and multiplicative
(o) operations which allows the inverse to be computed without
requiring the scale s(-) and translation #(-) networks to be inverted.
The bijectivity of the INN model allows for bi-directional operation
and training, and therefore both forward and inverse processes can
be well learned [20], [1]. We present the pseudocode for the INN
training in Algorithm 1 which is adapted from the source code [3].

X1 =Y1,

3 APPLICATION I: INVERSE DESIGN OF
LOW-POWER SINGLE TRANSISTOR ACTIVE
MIXER

To demonstrate the effectiveness of the proposed method, we apply
the INN method for the design of a low-power active mixer, which
is a nonlinear device used for summing and subtracting frequencies.
They are characterized by their conversion gain or loss and how
much noise they introduce in the circuit. Consequently, accurate
nonlinear modeling of mixers is crucial to getting good performance.
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Algorithm 1: INN training

Input: training data: {X, Y}, #epochs, learning rate: a,
p(2) = N(0,Ip,)

Output: training losses: £, trained model

while i < #epochs do

for Xbatch> Ybarch € {X: Y} ,do

[ypreds Zpred] = fo(Xpatch)

-£y = MSE(ypred> Ybatch)

/* MSE: mean squared error */
£L; = MMD(q(y. 2), p(y)p(2))
/* MMD: maximum mean discrepancy [2] */

sample z ~ p(z)

Xpred = fe_l ([Yybatch 1)

Lx = MMD(g(x), p(x))

Liotal = wxLx + wy Ly +wz Ly
pe=p- av(-[:tatal)

LO port

Figure 4: Low-power single transistor active mixer schematic
[15].

The mixer is a down converter, with an RF of 0.1 — 10 GHz and
855 MHz LO, operating from a 1 V DC supply at 600 pA current.
This very low power consumption is typical of applications such as
pagers and cellular phones, where battery lifetime is critical [15].
The objective here is to (1) obtain the mixer design parameters that
correspond to a given specification of gain and noise figure, and (2)
validate the design parameters through a forward evaluation.

3.1 Model Setup

The design parameters of the mixer are shown in Fig. 4, and their
range of values are given in Table 1. Note that the parameters are
constrained within the limits of the operating region of the transis-
tor, and that the only 3 parameters that are varied for this example
are Ry, Crp and Cgp. The target characteristics investigated are
the conversion gain G and the noise figure NF, given as [12], [13],
[15]:

G (dB) = Pir — Prp (6)
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Table 1: Design Space Parameters of Low-power Single Tran-
sistor Mixer

Parameter Unit Min Max Step

Load resistor Rr kQ 1 5 0.5

LO capacitor Cro PpF 0.1 0.9 0.2

RF capacitor Crr pF 1 2 0.2
Collector resistor R kQ 0.47
Base resistor Ry kQ 8.2
RF inductor Lgr nH 6.6
IF inductor Lir nH 270
Parallel IF capacitor Cp,,  pF 33

Series IF capacitor  Cs,,.
Motorola MMBR941 Q

pF 13.3

SINGLE
TRANSISTOR 1™
DESIGN L
sPAce | Cro
Dy=3 | ¢
* RF N-DIMENSIONAL
GAUSSIAN
ZERO- | 2
PADDING <>
Doy =2m s Dy =3

Figure 5: Proposed Invertible Neural Network (INN) model
setup for low-power single transistor active mixer design.
m = 100 frequency points.

and

Fe NiG + NO(mixer) ) )

N;G

where Pip and Prp are the powers at the IF and RF ports respectively,
N;G and Ny(mixer) are the input noise and noise added by the mixer
(both referred to the IF port), respectively. The RF is swept from
0.1—10 GHz with steps of 100 MHz. Consequently, each tuple in the
design space has the corresponding gain and noise figure with 100
frequency points. We generate 270 samples in a uniform fashion
using Keysight ADS [15]. The data is divided into train and test
sets.

The objective here is to determine an invertible mapping be-
tween the design space X and output response Y. The proposed
model setup is shown in Fig. 5. The INN model is constructed using
8 reversible blocks with shuffling layers between them. Each re-
versible block contains the scale s(-) and shift ¢(-) networks which
are constructed with fully connected neural networks with one
hidden layer of 15 neurons and Rectified Linear Unit (ReLU) acti-
vation functions. On the input side of the model setup, there are
3 mixer design parameters, zero-padded to 2m dimensions, where
m = 100 frequency points. The output variables consist of mixer
design specifications (gain and noise figure) and 3-dimensional la-
tent variables z sampled from a standard normal distribution, with
no zero-padding. The INN model is trained for 300 epochs with 10
iterations per epoch.
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Table 2: Performance of Inverse Design Tuples for Low-power
Single Transistor Mixer Design

Normalized Mean Squared Error (NMSE)

Inverse Design Tuple

Gain, G Noise Figure, NF
% %
1 {3.5kQ,0.7 pF, 1.6 pF} 0.001 0.083
2 {3.5kQ,0.1pF,1.8pF}  0.002 0.013
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Figure 6: Predicted conditional posterior distributions
P(X|ytarget) of low-power single transistor active mixer de-
sign parameters. Red vertical lines indicate the points with
the highest densities. When the points corresponding to the
highest densities are sampled for the design parameters, the
tuple obtained is {3.5 kQ, 0.7 pF, 1.6 pF}.

3.2 Results

We perform 2 inferences with the trained INN model to validate
the method: inverse and forward evaluations. During the inference
process, we choose a random response yarget from the test set and
we obtain the inverse solution. The INN model generates rich con-
ditional posterior distributions of the mixer design parameters as
shown in Fig. 6. Next, we obtain an inverse tuple from these distribu-
tions by sampling the points with the highest densities in the mixer
design space. The tuple obtained is ¥ = {3.5 kQ, 0.7 pF, 1.6 pF}. We
take this tuple and perform a forward evaluation with the INN
model to obtain the corresponding gain and noise figure. These
are compared with the actual responses in Fig. 7. We observe that
the responses from the INN model almost completely overlap the
responses from the Keysight ADS circuit simulator. We repeat the
inverse-forward inference above for another response ytarget cho-
sen randomly from the test set and present the results in Fig. 8 and
9. Similarly, the responses from the INN model almost completely
overlap the responses from the Keysight ADS circuit simulator. We
provide a summary of our results in Table 2.

4 APPLICATION II: INVERSE DESIGN OF
GILBERT CELL MIXER

We further validate the INN method with another mixer design.
Consider the IAM-81018 Gilbert cell mixer [7], [17], [15], shown in
Fig. 10. The mixer is a down converter, with an RF of 0.1 — 10 GHz
and 1.75 GHz LO, operating from a 5V DC supply. The double
balanced structure has the advantage of better isolation between
all ports and increased linearity. The objective here is two-fold: (1)
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Figure 7: Forward evaluation showing gain G and noise fig-
ure NF for low-power single transistor active mixer, with the
trained INN model and Keysight ADS circuit simulator for
the INN-generated design tuple {3.5 kQ, 0.7 pF, 1.6 pF}. The
responses from the trained INN model and the circuit simu-
lator almost completely overlap.
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Figure 8: Predicted conditional posterior distributions
P(X|ytarget) of low-power single transistor active mixer de-
sign parameters. Red vertical lines indicate the points with
the highest densities. When the points corresponding to the
highest densities are sampled for the design parameters, the
tuple obtained is {3.5 kQ, 0.1 pF, 1.8 pF}.

to obtain the mixer design parameters that correspond to a given
specification of gain and noise figure, and (2) to validate the design
parameters through a forward evaluation.

Table 3: Design Parameters of Gilbert Cell Mixer

Parameter Unit Min Max Step
Collector resistor R Q 50 450 50
Tail resistor Ry Q 20 220 50

Base resistor (top) Ry Q 10 160 30
Base resistor (bottom) Ry, Q 10 90 20
Coupling capacitor Ce uF 0.4 1.2 0.2
Bypass capacitor Cp uF 0.4 1.2 0.2
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Figure 9: Forward evaluation showing gain G and noise fig-
ure NF for low-power single transistor active mixer, with the
trained INN model and Keysight ADS circuit simulator for
the INN-generated design tuple {3.5 kQ, 0.1 pF, 1.8 pF}. The
responses from the trained INN model and the circuit simu-
lator almost completely overlap.

% BIAS PORT
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Figure 10: IAM-81018 Gilbert cell mixer schematic [7], [17],
[15].

4.1 Model Setup

The design parameters of the mixer are the passive components
as shown in Fig. 10, and their range of values are given in Table
3. Note that the parameters are constrained within the limits of
the operating region of the transistor. The target characteristics
investigated are the conversion gain G and the noise figure NF,
as described in (6) and (7), respectively. We perform a parametric
sweep of the mixer design space, with the RF being swept from
0.1 — 10 GHz with steps of 100 MHz for each combination of the
design parameters. Consequently, each tuple in the design space
has the corresponding gain and noise figure with 100 frequency

MLCAD 22, September 12-13, 2022, Snowbird, UT, USA.
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Figure 11: Proposed Invertible Neural Network (INN) model
setup for Gilbert cell mixer design. m = 100 frequency points.
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Figure 12: Predicted conditional posterior distributions
p(x|ytarget) of Gilbert cell mixer design parameters. Red ver-
tical lines indicate the points with the highest densities.
When the points corresponding to the highest densities are
sampled for the design parameters, the tuple obtained is
{300 Q,170 Q, 40 Q,50 Q, 1 4iF, 0.8 ;F}.

points. We generate 33750 samples using Keysight ADS [15], and
the dataset is divided into train and test sets.

The objective here is to determine an invertible mapping be-
tween the design space X and output response Y. The proposed
model setup is shown in Fig. 11. The INN model is constructed using
8 reversible blocks with shuffling layers between them. Each re-
versible block contains the scale s(-) and shift #(-) networks which
are constructed with fully connected neural networks with one
hidden layer of 15 neurons, 70% dropout regularization, batch nor-
malization layers and Leaky Rectified Linear Unit (LeakyReLU)
activation functions. On the input side of the model setup, there are
6 mixer design parameters, zero-padded to 2m dimensions, where
m = 100 frequency points. The output variables consist of mixer
design specifications (gain and noise figure) and 6-dimensional la-
tent variables z sampled from a standard normal distribution, with
no zero-padding. The INN model is trained for 300 epochs with 10
iterations per epoch.

4.2 Results

We perform a two-step inference process with the trained INN
model: the inverse evaluation to obtain the inverse solution, then,
the forward evaluation to validate the method. First, we choose a
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Figure 13: Forward evaluation showing gain G and noise
figure NF for the Gilbert cell mixer, with the trained INN
model and Keysight ADS circuit simulator for the INN-
generated design tuple {300 Q, 170 Q2,40 Q,50 Q,1 uF, 0.8 uF}.
The responses from the trained INN model and the circuit
simulator have close correlation.
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Figure 14: Predicted conditional posterior distributions
P(x|ytarget) of Gilbert cell mixer design parameters. Red ver-
tical lines indicate the points with the highest densities.
When the points corresponding to the highest densities are
sampled for the design parameters, the tuple obtained is
{50 Q,170 Q,40 Q.50 Q. 1 ;iF, 0.8 ;F}.

random response Yiarget from the test set and we obtain the inverse
solution with the INN model, which generates rich conditional pos-
terior distributions of the mixer design parameters as shown in Fig.
12. Next, we obtain an inverse tuple from these distributions by sam-
pling the points with the highest densities in the mixer design space.
The tuple obtained is X = {300 Q, 170 Q,40 Q,50 Q, 1 uF, 0.8 uF}.
We take this tuple and perform a forward evaluation with the INN
model to obtain the corresponding gain and noise figure. These
are compared with the actual responses in Fig. 13. We observe that
the responses from the INN model have close correlation with the
responses from the Keysight ADS circuit simulator. We repeat the
inverse-forward inference above for another response ytarget cho-
sen randomly from the test set and present the results in Fig. 14 and
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Figure 15: Forward evaluation showing gain G and noise fig-
ure NF for the Gilbert cell mixer, with the trained INN model
and Keysight ADS circuit simulator for the INN-generated de-
sign tuple {50 Q,170 Q,40 Q,50 Q,1 pF, 0.8 yF}. The responses
from the trained INN model and the circuit simulator have
close correlation.

Table 4: Performance of Inverse Design Tuples for Gilbert
Mixer Design

Normalized Mean Squared Error (NMSE)

Inverse Design Tuple

Gain, G Noise Figure, NF
% %
1 {300 Q,170 ©,40 Q,50 Q, 1 pF,0.8 pF} 1.427 0.325
2 {509,170 ©Q,40 Q,50 Q, 1 yF, 0.8 yF} 0.801 0.134

15. Similarly, the responses from the INN model have close correla-
tion with the responses from the Keysight ADS circuit simulator.
We provide a summary of our results in Table 4.

5 CONCLUSION

We present an inverse design method for microwave circuits and
electronic systems using invertible neural network. With inverse
design, the design parameters can be directly determined from the
output objectives. This offers the benefit of reduced design-cycle
time and related costs by increasing the overall efficiency of the
design process. We demonstrate the validity of the proposed method
with the inverse design of broadband active mixers where we obtain
inverse posterior distributions. For the forward evaluation, our
results show that the responses generated by the invertible neural
network models have close correlation with the output responses
from the circuit simulator.
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