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1. Introduction 

Monopulse radar, as the name implies, uses multiple antennas to determine the 
direction of arrival (DOA) of a single radio pulse. This is in contradistinction to 
other radar techniques, such as scanning radars, that require multiple measurements 
to determine DOA. Traditionally, monopulse radars have processed their antenna 
outputs using analog circuits. This limits the scope of processing algorithms to 
those that can easily be implemented as analog circuits. Digital processing of 
monopulse radar allows for the implementation of a broader range of algorithms. 
This report investigates one such algorithm, the interpolation of a 2-D lookup table 
for monopulse signal processing. 

Monopulse radar dates back to 19441 and is the most common type of radar is use 
today. Monopulse applications include the following2: 

• Control of gunfire and missile launch and guidance 

• Tracking both friendly or hostile objects at long range by land, sea, air, or 
space 

• Intelligence on the trajectory, size, shape, and rotation of objects at long 
distance 

• Instrumentation radar for tracking during testing or exercises  

Monopulse radar processing uses phase, amplitude, or both phase and amplitude 
information from the antenna array. There are many ways to process this 
information. Most literature addresses theoretical models that do not assume the 
existence of experimental calibration data that naturally leads to a lookup table 
implementation. Literature that does mention the use of lookup tables3,4 do not 
provide specific details about table construction. This report investigates the 
problems associated with the design of a lookup table for 4-element amplitude-
omparison monopulse radar. Additionally, a monopulse radar model is developed 
that can be used for system simulation and trade studies. 

The report is organized as follows. First, a simple monopulse radar model using a 
Gaussian antenna pattern is presented. Next, the performance of a linear processing 
model and a 1-D lookup table are evaluated. Then a 2-D table is constructed and 
compared with the 1-D processing models. This table is used, together with the 
addition of a noise model, to conduct an example system trade study. An alternative 
antenna model is evaluated leading to modifications in the table construction. 
Finally, RF detection circuitry is added as the last piece of the system model. 
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2. Monopulse Radar Model 

A monopulse antenna array with four elements is shown in Fig. 1. 

 
Fig. 1 Four-element monopulse radar diagram 

The antenna output amplitudes, 𝑎𝑎, 𝑏𝑏, 𝑐𝑐, and 𝑑𝑑, can be simulated using an Gaussian 
antenna model5: 

 
𝐸𝐸(𝜃𝜃,𝜙𝜙) = 𝑒𝑒

−(𝜃𝜃−𝛿𝛿𝜃𝜃)2−(𝜙𝜙−𝛿𝛿𝜙𝜙)2

𝐾𝐾 , (1) 

where 𝛿𝛿𝜃𝜃 and 𝛿𝛿𝜙𝜙 are pattern offsets and constant 𝐾𝐾 scales the beamwidth. Figure 2 
shows antenna patterns for 𝐾𝐾 = 0.5 and values of 𝛿𝛿𝜃𝜃 and 𝛿𝛿𝜙𝜙 defined in Table 1. 

 
Fig. 2 Gaussian antenna patterns for the four monopulse elements 
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Table 1 Pattern offsets used in Fig. 1 

Element 𝜹𝜹𝜽𝜽 𝜹𝜹𝝓𝝓 

a –15° 15° 

b –15° –15° 

c 15° 15° 

d 15° –15° 

Given the measured antenna element amplitudes for a given 𝜃𝜃 and 𝜙𝜙, the following 
values are defined6: 

 ∆𝜃𝜃= (𝑐𝑐 + 𝑑𝑑) − (𝑎𝑎 + 𝑏𝑏). (2) 

 ∆𝜙𝜙= (𝑎𝑎 + 𝑐𝑐) − (𝑏𝑏 + 𝑑𝑑). (3) 

 Σ = 𝑎𝑎 + 𝑏𝑏 + 𝑐𝑐 + 𝑑𝑑. (4) 

 𝑟𝑟𝜃𝜃 = ∆𝜃𝜃/ Σ. (5) 

 𝑟𝑟𝜙𝜙 = ∆𝜙𝜙/Σ. (6) 

𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 are the monopulse ratios in azimuth and elevation, respectively, and are 
used to create gain independent inverse models. Plots of 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 are shown in 
Fig. 3 for 𝜃𝜃 and 𝜙𝜙 in the interval [45°,45°]. The bottom plots are side views of the 
top plots, displaying 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 across a single angle. 

 
Fig. 3 𝒓𝒓𝜽𝜽 and 𝒓𝒓𝝓𝝓 surfaces over the interval [𝟒𝟒𝟒𝟒°,𝟒𝟒𝟒𝟒°] for 𝜽𝜽 and 𝝓𝝓 (top), and side views 
showing 𝒓𝒓𝜽𝜽 vs. 𝜽𝜽 and 𝒓𝒓𝝓𝝓 vs. 𝝓𝝓 (bottom) 
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3. 1-D Models 

3.1 Linear Model 

Observe that 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 in Fig. 3 are fairly linear across 𝜃𝜃 and 𝜙𝜙, respectively. This 
allows for accurate linear models 

 𝑟𝑟𝜃𝜃 = 𝑚𝑚𝜃𝜃  (7) 

and   

 𝑟𝑟𝜙𝜙 = 𝑚𝑚𝜙𝜙𝜙𝜙 ,  (8) 

which are easily inverted to determine 𝜃𝜃 and 𝜙𝜙 given 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙. To determine the 
values of 𝑚𝑚𝜃𝜃 and 𝑚𝑚𝜙𝜙, the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces are averaged across 𝜙𝜙 and 𝜃𝜃, 
respectively. The top two plots of Fig. 4 show these average 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 curves, while 
the bottom two plots show their actual slopes. 

 
Fig. 4 (top) 𝒓𝒓𝜽𝜽 and 𝒓𝒓𝝓𝝓 averaged across 𝝓𝝓 and 𝜽𝜽, respectively, and (bottom) the slopes of 
these average curves 𝒎𝒎𝜽𝜽 and 𝒎𝒎𝝓𝝓  

The best least-squares linear fit to the average 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 curves is used to determine 
scalar values of 𝑚𝑚𝜃𝜃 and 𝑚𝑚𝜙𝜙 in Eqs. 7 and 8. The error using these linear models to 
find 𝜃𝜃 and 𝜙𝜙 given 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 is shown in Fig. 5. 
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Fig. 5 Error using an inverse linear model to determine 𝜽𝜽 and 𝝓𝝓 given 𝒓𝒓𝜽𝜽 and 𝒓𝒓𝝓𝝓 

3.2 1-D Lookup Table 

Instead of a linear model, the average 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 curves can be recorded in a lookup 
table and interpolated to determine 𝜃𝜃 and 𝜙𝜙. The plots in Fig. 6 show the results of 
this method using a lookup table with 5° resolution. In this case, the error 
distribution is different than the linear model but the maximum error is about the 
same. Even though the 1-D model fits the average 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 curves better than the 
linear model, it still ignores the change in 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 along 𝜙𝜙 and 𝜃𝜃, respectively. 

 
Fig. 6 Error using a 1-D lookup table to determine 𝜽𝜽 and 𝝓𝝓 given 𝒓𝒓𝜽𝜽 and 𝒓𝒓𝝓𝝓 

4. 2-D Lookup Table 

4.1 Lookup Table Construction 

To capture the change in 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 along 𝜙𝜙 and 𝜃𝜃, the entire 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces can 
be used to create a 2-D lookup table. Each value of 𝑟𝑟𝜃𝜃 defines a curve in 𝜃𝜃 across 
𝜙𝜙. Similarly, 𝑟𝑟𝜙𝜙 defines a curve in 𝜙𝜙 across 𝜃𝜃. The intersection of these curves 
gives the (𝜃𝜃,𝜙𝜙) point that maps to (𝑟𝑟𝜃𝜃, 𝑟𝑟𝜙𝜙). Figure 7 shows these curves for 𝑟𝑟𝜃𝜃 =
0.59 and 𝑟𝑟𝜙𝜙 = 0.50. 
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Fig. 7 Example curve in 𝜽𝜽 across 𝝓𝝓 for (blue) 𝒓𝒓𝜽𝜽 = 𝟎𝟎.𝟒𝟒𝟓𝟓 and (red) curve in 𝝓𝝓 across 𝜽𝜽 for 
𝒓𝒓𝝓𝝓 = 𝟎𝟎.𝟒𝟒𝟎𝟎. The intersection point maps (𝒓𝒓𝜽𝜽, 𝒓𝒓𝝓𝝓) to (𝜽𝜽,𝝓𝝓). 

Figures 8 and 9 show the results of using this method to fill in 2-D lookup tables 
for 𝜃𝜃 and 𝜙𝜙. Cases where 𝑟𝑟 curves have no intersections or multiple intersections 
are excluded from the plots. Of course, given a table of infinite resolution and 
maximum range, the angles can be recovered without error, assuming the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 
surfaces are monotonic. The following analysis investigates the practical 
construction of the 2-D table with limited resolution and range that results in 
acceptable error. Later we will investigate cases where the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces are 
not monotonic. 

 
Fig. 8 2-D lookup tables for 𝜽𝜽 and 𝝓𝝓 

 
Fig. 9 Simulation results for 𝜽𝜽 and 𝝓𝝓 over the interval [𝟒𝟒𝟒𝟒°,𝟒𝟒𝟒𝟒°] using the lookup tables in 
Fig. 8. Excluded values occur outside the bounds of the lookup table. 
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When constructing the lookup table in Fig. 8, the minimum and maximum values 
of 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 for the given interval of 𝜃𝜃 and 𝜙𝜙 were used as the upper and lower 
bounds of the table. This resulted in some (𝑟𝑟𝜃𝜃, 𝑟𝑟𝜙𝜙) points in the table outside of the 
𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces, leading to 𝜃𝜃 and 𝜙𝜙 lines with no intersections and, hence, the 
missing points in Fig. 9. In these cases, the lines can be extrapolated to determine 
an intersection point. The plot on the left in Fig. 10 shows lines that do not intersect. 
The plot on the right shows the lines extended through a spline interpolation, which 
results in an intersection point. 

 
Fig. 10 Example of 𝜽𝜽 and 𝝓𝝓 curves that do not intersect to determine a (𝜽𝜽,𝝓𝝓) point (left), 
and the extended lines that do intersect (right) 

Figure 11 shows the extended 2-D lookup table surfaces and error using spline 
interpolation. Although this interpolation method was successful in finding the 
missing values from Fig. 9, the values are not very accurate. The error plots show 
the greatest error around the edges where interpolation was used. 
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Fig. 11 Extended 2-D lookup tables using (top) interpolation of 𝜽𝜽 and 𝝓𝝓 curves and (bottom) 
the resulting error  

To reduce this error, the tables can be extended to an interval greater than the 
interval used to measure error. This expands the original 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces, 
extending the 𝜃𝜃 and 𝜙𝜙 curves and increasing the number of (𝜃𝜃,𝜙𝜙) points that can 
be found without interpolation. The plot in Fig. 12 shows lookup tables constructed 
using a span of [−55°, 55°] for 𝜃𝜃 and 𝜙𝜙. The error plots can now span [−45°, 45°] 
without extrapolation, resulting in lower error. 
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Fig. 12 2-D lookup tables using an extended range of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] for (top) 𝜽𝜽 and 𝝓𝝓, and 
(bottom) the resulting error for 𝜽𝜽 and 𝝓𝝓 over a span of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°]  

4.2 System Optimization 

Now that an accurate 2-D lookup table has been constructed, it can be used to 
optimize a monopulse system over a range of parameters. The upper plots of  
Fig. 13 show (left) the minimum and (right) maximum error values for 𝜃𝜃 and 𝜙𝜙 in 
the interval [−45°,45°]. The bottom plots show the root mean squared error 
(RMSE) for (left) 𝜃𝜃 and (right) 𝜙𝜙 over a range of 𝐾𝐾 and 𝛿𝛿 values. These plots show 
the antenna parameters that lead to stable models with low intrinsic errors. For this 
antenna model, there is a linear region centered approximately on 𝛿𝛿 = 18𝐾𝐾 + 0.8 
that leads to the highest performance. The missing data in the bottom two plots 
occur due to missing values in the lookup tables that occur for those values of 𝐾𝐾 
and 𝛿𝛿 even when the range of 𝜃𝜃 and 𝜙𝜙 expanded to the interval [−55°, 55°]. 
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Fig. 13 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲). Upper 
plots show (left) the minimum and (right) maximum error values for 𝜽𝜽 and 𝝓𝝓 in the interval 
[−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a 2-D lookup table over a range of 𝜹𝜹 and 𝑲𝑲. Bottom plots show the RMSE 
error for (left) 𝜽𝜽 and (right) 𝝓𝝓. 

Additionally, the effect of additive noise can be modeled to determine the antenna 
pattern that is least sensitive to noise. Noise modeling also plays a role in system 
modeling, where the signal to noise ratio will depend on several parameters. Given 
an RF source with transmit power 𝑃𝑃𝑡𝑡, transmit antenna gain 𝐺𝐺𝑡𝑡, and the maximum 
gain of the monopulse antenna array 𝐺𝐺𝑟𝑟, the maximum received power is 

 𝑃𝑃𝑟𝑟 =  𝑃𝑃𝑡𝑡 + 𝐺𝐺𝑡𝑡 + 𝐺𝐺𝑟𝑟 − 𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹, (9) 

where 𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹 is the free space path loss, 

 𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹 =  20 log10 𝑑𝑑 + 20 log10 𝑓𝑓 + 20 log10
4𝜋𝜋
𝑐𝑐

, (10) 

with transmit frequency 𝑓𝑓, distance 𝑑𝑑, and speed of light 𝑐𝑐. The noise power is 

 𝑃𝑃𝑛𝑛 =  𝑘𝑘𝑘𝑘𝑘𝑘 + 𝑁𝑁𝐹𝐹, (11) 

where 𝑘𝑘 is the Boltzmann constant, 𝑘𝑘 is the bandwidth, 𝑘𝑘 is the temperature, and 
𝑁𝑁𝐹𝐹 is the system electronics noise figure. 

Figure 14 shows the study in Fig. 13 repeated with additive noise based on the 
parameters in Table 2. Parameter 𝑁𝑁 specifies the number of simulations repeated 
for each point. Therefore, the plots of the maximum error, minimum error, and 
RMSE now reflect the maximum error, minimum error, and RMSE over 𝑁𝑁 

K

1 1.4

15

20

25

30

35

-0.5

-0.4

-0.3

-0.2

-0.1

K

1 1.4

15

20

25

30

35

0.1

0.2

0.3

0.4

0.5

K

1 1.4

15

20

25

30

35

0.02

0.04

0.06

0.08

0.1

K

1 1.4

15

20

25

30

35

0.02

0.04

0.06



 

11 

simulations. The optimal relationship between 𝐾𝐾 and 𝛿𝛿 has shifted, with better 
performance for higher values of 𝐾𝐾. 

 
Fig. 14 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲) with 
noise. Upper plots show the (left) minimum and (right) maximum error values for 𝜽𝜽 and 𝝓𝝓 in 
the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a 2-D lookup table over a range of 𝜹𝜹 and 𝑲𝑲. Bottom plots show 
the RMSE error for (left) 𝜽𝜽 and (right) 𝝓𝝓. 

Table 2 Simulation parameters for study in Fig. 14 

Parameter Value 
𝑃𝑃𝑡𝑡 90 dBW 
𝐺𝐺𝑡𝑡 7 dBi 
𝐺𝐺𝑟𝑟  0 dBi 
𝑑𝑑 3000 m 
𝑓𝑓 10 GHz 
𝑃𝑃𝑛𝑛 –57 dBW 
𝑁𝑁 10 

4.3 Alternative Antenna Model 

The previous analysis used the Gaussian antenna model in Eq. 1. The system is 
fairly sensitive to the antenna pattern shape, motivating further analysis with other 
antenna patterns. An alternative antenna model2 is given by 
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𝐸𝐸(𝜃𝜃,𝜙𝜙) =

cos�𝐾𝐾𝜋𝜋�(𝜃𝜃−𝛿𝛿𝜃𝜃)2+(𝜙𝜙−𝛿𝛿𝜙𝜙)2�

1−2𝐾𝐾�(𝜃𝜃−𝛿𝛿𝜃𝜃)2+(𝜙𝜙−𝛿𝛿𝜙𝜙)2
+ 𝐶𝐶, (12) 

where 𝐶𝐶 is a constant to ensure that 𝐸𝐸 is nonnegative. Using 𝛿𝛿𝜙𝜙 = 𝛿𝛿𝜙𝜙 = 19° and 
𝐾𝐾 = 1.3, the four monopulse outputs are shown in Fig. 15. The top plots of Fig. 16 
show the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces over the interval [−55°, 55°] for 𝜃𝜃 and 𝜙𝜙. The bottom 
plots are side views of the top plots, showing 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 along a single angle. The 
top of Fig. 17 shows the 2-D lookup tables, with the resulting error for 𝜃𝜃 and 𝜙𝜙 on 
the bottom plots. Unlike the case of the Gaussian antenna models, there are 
unresolved points even though the range of the lookup tables were extended to an 
interval of [−55°, 55°]. 

 
Fig. 15 Four-monopulse-element amplitudes using the alternative antenna model in Eq. 12 
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Fig. 16 𝒓𝒓𝜽𝜽 and 𝒓𝒓𝝓𝝓 surfaces over the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] for (top) 𝜽𝜽 and 𝝓𝝓 and (bottom) side 
views showing 𝒓𝒓𝜽𝜽 vs. 𝜽𝜽 and 𝒓𝒓𝝓𝝓 vs. 𝝓𝝓  

 

 
Fig. 17 2-D lookup tables using an extended range of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] for (top) 𝜽𝜽 and 𝝓𝝓 and 
(bottom) the resulting error for 𝜽𝜽 and 𝝓𝝓 over a span of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°]  

In an attempt to solve this problem, the interpolation shown in Fig. 10 was used in 
conjunction with extending the range of the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces, resulting in the  
2-D lookup tables in Fig. 18. Unlike the Gaussian antenna model, interpolating the 
𝜃𝜃 and 𝜙𝜙 curves did not succed in resolving all of the values in the tables. The reason 
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for this is shown in Fig. 19: some of the curves contain multiple intersection points. 
As 𝜃𝜃 and 𝜙𝜙 increase, the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces become more nonlinear, resulting in 
curves that may intersect more than once. For smaller values of 𝜃𝜃 and 𝜙𝜙, the 𝑟𝑟𝜃𝜃 and 
𝑟𝑟𝜙𝜙 surfaces are more linear, resulting in only one intersection. The following 
method was implemented to resolve multiple intersections. The lookup table was 
evaluated center out (i.e., from smaller values of 𝜃𝜃 and 𝜙𝜙 to larger values of 𝜃𝜃 and 
𝜙𝜙). Specifically, the evaluation order starts in the center at point (0°, 0°) and spirals 
outward, as shown in Fig. 20. In the case of multiple intersection points, the point 
closest to the previous point is chosen. Figure 21 shows an example resolving 𝜃𝜃 
and 𝜙𝜙 curves with multiple intersection points. The plots show the evaluation of 
two consecutive points. The plot on the left shows the point closer to the center, 
which is evaluated first. The plot on the right shows the evaluation of the next point, 
which is farther from the center, and contains multiple intersection points. The 
intersection point closest to the point on the left (circled) is chosen for the lookup 
table. 

 
Fig. 18 2-D lookup tables using interpolation and an extended range of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] for 𝜽𝜽 
and 𝝓𝝓 

 
Fig. 19 Example 𝜽𝜽 and 𝝓𝝓 curves with multiple intersection points 
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Fig. 20 Example evaluation order of a 2-D table starting from the center and spiraling 
outward 

 
Fig. 21 Example resolving 𝜽𝜽 and 𝝓𝝓 curves with multiple intersection points. The multiple 
intersections on the right are resolved by choosing the point (circled) closest to the previous 
intersection point in the plot on the left. 

Figure 22 shows lookup tables constructed using this new interpolation method. All 
of the points have now been resolved. Figure 23 shows the resulting error for 𝜃𝜃 and 
𝜙𝜙. Although the entire tables were resolved, the error is still much greater than the 
error shown in Fig. 12 for the Gaussian antenna model. Since the 𝑟𝑟𝜃𝜃 and 𝑟𝑟𝜙𝜙 surfaces 
become very nonlinear at large angles, extending the lookup tables too much can 
have a detrimental effect on performance. Figure 24 shows the error resulting from 
lookup tables that were only extended to [−49°, 49°], which show a decrease in 
the maximum error. Finally, the table resolution can be increased from 5° steps to 
2.5° steps, as shown in Fig. 25, which greatly reduces the error shown in Fig. 26. 
Now the performance of the lookup table for the alternative antenna model is 
equivalent to that of the Gaussian antenna model. 
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Fig. 22 2-D lookup tables using the new interpolation method and an extended range of 
[−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] for 𝜽𝜽 and 𝝓𝝓 

 

 
Fig. 23 Error for 𝜽𝜽 and 𝝓𝝓 over a span of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using the lookup tables from Fig. 22 

 

 
Fig. 24 Error for 𝜽𝜽 and 𝝓𝝓 over a span of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a lookup table from Fig. 22 over 
the reduced span of [−𝟒𝟒𝟓𝟓°, 𝟒𝟒𝟓𝟓°]  

 

1

r

0

-1-1

0

r

50

-50

0

1
1

r

0

-1-1

0

r

50

-50

0

1

-40 0 40

-40

-20

0

20

40

 error

-2

-1

0

1

2

-40 0 40

-40

-20

0

20

40

 error

-2

-1

0

1

2

-40 0 40

-40

-20

0

20

40

 error

-1

-0.5

0

0.5

1

-40 0 40

-40

-20

0

20

40

 error

-1

-0.5

0

0.5

1



 

17 

 
Fig. 25 2-D lookup tables using the new interpolation method and a range of [−𝟒𝟒𝟓𝟓°, 𝟒𝟒𝟓𝟓°] 
with a resolution step size of 𝟐𝟐.𝟒𝟒° for 𝜽𝜽 and 𝝓𝝓 

 

 
Fig. 26 Error for 𝜽𝜽 and 𝝓𝝓 over a span of [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using the lookup tables from Fig. 25 

Using this lookup table for the alternative antenna model, the study in Fig. 13 was 
repeated. Figure 27 shows the results of this study, which are significantly different 
than the Gaussian antenna model study. Now, smaller values 𝐾𝐾 appear to have 
better performance, while the regions of suitable 𝛿𝛿 values are relatively broad. 
Figure 28 shows the results of the study with noise, using the same parameters as 
before in Table 2. The results are similar to the noise-free case, except that the 
usable regions have narrowed slightly. 
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Fig. 27 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲) for the 
alternative antenna model. Upper plots show the (left) minimum and (right) maximum error 
values for 𝜽𝜽 and 𝝓𝝓 in the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a 2-D lookup table over a range of 𝜹𝜹 and 
𝑲𝑲. Bottom plots show the RMSE error for (left) 𝜽𝜽 and (right) 𝝓𝝓. 

 
Fig. 28 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲) for the 
alternative antenna model with noise. Upper plots show the (left) minimum and (right) 
maximum error values for 𝜽𝜽 and 𝝓𝝓 in the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a 2-D lookup table over 
a range of 𝜹𝜹 and 𝑲𝑲. Bottom plots show the RMSE error for (left) 𝜽𝜽 and (right) 𝝓𝝓. 
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4.4 RF Detector Model 

Monopulse radar assumes invariance to scaling. Given scale factor 𝑠𝑠, dividing the 
∆ by Σ cancels out the scale factor as shown in Eqs. 13–17: 

 ∆𝜃𝜃′ = (𝑠𝑠𝑐𝑐 + 𝑠𝑠𝑑𝑑) − (𝑠𝑠𝑎𝑎 + 𝑠𝑠𝑏𝑏) = 𝑠𝑠�(𝑐𝑐 + 𝑑𝑑) − (𝑎𝑎 + 𝑏𝑏)� = 𝑠𝑠∆𝜃𝜃. (13) 

 ∆𝜙𝜙′ = (𝑠𝑠𝑎𝑎 + 𝑠𝑠𝑐𝑐) − (𝑠𝑠𝑏𝑏 + 𝑠𝑠𝑑𝑑) = 𝑠𝑠�(𝑎𝑎 + 𝑐𝑐) − (𝑏𝑏 + 𝑑𝑑)� = 𝑠𝑠∆𝜙𝜙. (14) 

 Σ′ = 𝑠𝑠𝑎𝑎 + 𝑠𝑠𝑏𝑏 + 𝑠𝑠𝑐𝑐 + 𝑠𝑠𝑑𝑑 = 𝑠𝑠(𝑎𝑎 + 𝑏𝑏 + 𝑐𝑐 + 𝑑𝑑) = 𝑠𝑠Σ. (15) 

 𝑟𝑟𝜃𝜃′ = ∆𝜃𝜃′ / Σ′ =  𝑠𝑠∆𝜃𝜃/ 𝑠𝑠Σ =  ∆𝜃𝜃/ Σ = 𝑟𝑟𝜃𝜃. (16) 

 𝑟𝑟𝜙𝜙′ = ∆𝜙𝜙′ /Σ′ = 𝑠𝑠∆𝜙𝜙/𝑠𝑠Σ = ∆𝜃𝜃/ Σ = 𝑟𝑟𝜙𝜙. (17) 

But the RF detection electronics that convert the RF power to a voltage level may 
be nonlinear. Figure 29 shows logarithmic and linear transfer characteristics of 
example nonlinear detector electronics. 

 
Fig. 29 (left) Logarithmic and (right) linear transfer characteristics of example RF detector 
electronics 

If the detector is nonlinear, the scale factor 𝑠𝑠 depends on amplitude, which in turn 
causes the monopulse ratio 𝑟𝑟 to depend on amplitude. In this situation, how can a 
single 2-D lookup table relate the 𝑟𝑟 values to the angles for all power levels? One 
method is to invert the detector model to remove this nonlinearity from the antenna 
outputs. Figure 30 shows the inverted models of the detector from Fig. 29. When 
constructing a lookup table from experimental data, an inverse transform can be 
used to determine the amplitude before the detector. In simulation, the 2-D lookup 
table can remain the same. Excluding the detector model is the same as modeling 
the detector and then removing it with an inverse model. When using the lookup 
table to convert 𝑟𝑟 values to angles, the detector model is applied to the antenna 
amplitudes to simulate the measured signals. After measurement noise is added, the 
inverse detector model is used to estimate the signals before the detectors. These 
values are used to calculate the 𝑟𝑟 values used in the lookup table. This process was 
implemented using the detector transfer characteristics shown in Fig. 29, and the 
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trade studies in Fig. 27 and Fig. 28 were repeated. The results for the noise-free 
study are shown in Fig. 31, while Fig. 32 shows the simulation results using the 
parameters in Table 2 with noise. The results with the detector model are very close 
to those without the detector model, demonstrating that the inverse model was 
successfully used to remove effects of the RF detection electronics. 

 

Fig. 30 Inverted transfer characteristics from Fig. 29 

 

 
Fig. 31 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲) for the 
alternative antenna model with the RF detection included. Upper plots show (left) the 
minimum and (right) maximum error values for 𝜽𝜽 and 𝝓𝝓 in the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] using a 
2-D lookup table over a range of 𝜹𝜹 and 𝑲𝑲. Bottom plots show the RMSE error for (left) 𝜽𝜽 and 
(right) 𝝓𝝓. 
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Fig. 32 Performance study over a range of antenna offsets (𝜹𝜹) and beamwidths (𝑲𝑲) for the 
alternative antenna model with the RF detection included and added noise. Upper plots show 
the (left) minimum and (right) maximum error values for 𝜽𝜽 and 𝝓𝝓 in the interval [−𝟒𝟒𝟒𝟒°, 𝟒𝟒𝟒𝟒°] 
using a 2-D lookup table over a range of 𝜹𝜹 and 𝑲𝑲. Bottom plots show the RMSE error for (left) 
𝜽𝜽 and (right) 𝝓𝝓. 

5. Conclusion 

This report has demonstrated the construction of a 2-D lookup table for monopulse 
radar. Linear models and 1-D lookup tables fail to capture the change in the 𝑟𝑟𝜃𝜃 and 
𝑟𝑟𝜙𝜙 surfaces over 𝜙𝜙 and 𝜃𝜃, respectively. 2-D lookup tables capture this effect, 
resulting in higher performance. The 2-D lookup table was evaluated with both a 
Gaussian antenna model and an alternative antenna model. Details such as the range 
of 𝜙𝜙 and 𝜃𝜃 used to evaluate the table, the table resolution, and the method used to 
resolve missing or multiple points all affect overall performance. Modeling is 
completed with the addition of noise and RF detection modeling, allowing for the 
optimization of system parameters through trade studies. 
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List of Symbols, Abbreviations, and Acronyms 

1-D 1-dimensional 

2-D 2-dimensional 

DOA direction of arrival 

RF radio frequency 

RMSE root mean squared error 
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