
Simplified Over-the-Air Noise Figure Measurement Method for
Reduced Uncertainty

Abstract — Receiving systems for mm-wave applications are
increasing in complexity and level of integration. Therefore,
crucial metrics such as noise figure have to be characterized
using an over-the-air approach. We introduce a simplified version
of the reverberation-chamber noise-figure (RCN) method, such
that two instead of three calibration steps are necessary for the
measurement of noise figure and gain. This reduces measurement
uncertainty and removes the need to use a vector network
analyzer, so all measurements can be performed with a spectrum
analyzer. We show that the measured noise figure results and
reference value are within each others uncertainty bounds within
the 24-28.5 GHz frequency range, validating the use of this
method. By using the simplified RCN, the expanded uncertainty
reduced from 0.67 dB to 0.37 dB for the noise figure measurement,
and from 1.00 dB to 0.75 dB for the gain measurement.

Keywords — mm-wave, noise figure (NF), over-the-air (OTA)
measurements, reverberation chambers (RC), RCN, wireless
system.

I. INTRODUCTION

Noise figure (NF) is a crucial metric in various

receiving systems, such as those used in radio astronomy

and telecommunications, among numerous other wireless

applications [1], [2]. In many of these applications, the device

has a high level of integration, where the LNA and antenna

cannot be taken apart. This has the benefit that the system

architecture can be optimized using noise matching, but it has

a drawback of only being able to characterize the system NF

with over-the-air (OTA) methods. Especially in the millimeter

(mm)-wave domain, this raises the measurement complexity

significantly.
There are existing methods for OTA measurements

of NF. The most notable being the radiometric method

[3], [4], which is based on a Y-factor method, and

the gain-to-noise-temperature (G/T) method [5], [6]. The

sensitivity to errors of both of these methods increases

significantly at mm-wave, due to their dependency on

device positioning, radiation pattern, and form factor [7].

Additionally, the radiometric method depends on a detailed

sky noise model that becomes significantly less accurate above

10 GHz [8]. Recently, the reverberation-chamber noise-figure

(RCN) method was introduced to overcome these drawbacks

[9]. This method combined the radiometric method with a

reverberation chamber (RC), to create a hot and cold noise

environment in a repeatable manner. Due to the inherent

properties of the RC, a wireless device can be placed almost

anywhere in the chamber, regardless of form factor and

orientation [10].

In this paper, we introduce a simplified version of the

RCN which requires two calibration steps instead of three.

This is accomplished by placing both the Device Under Test

(DUT) and a calibration antenna with a known efficiency in the

chamber at the same time. This removes the need to perform

a pre-characterization of the transfer function and noise figure

of the RC with a vector network analyzer. In the simplified

RCN, all measurements can be performed with a spectrum

analyzer, making it more user-friendly. The simplification also

reduces the overall measurement uncertainty due to the need

for one less calibration measurement. We compare the result

with a reference measurement, and with the original RCN,

both obtained from [9]. The simplified RCN is described

in Section II. Section III focuses on the measurement setup

and uncertainty, including measurement results. The work is

concluded in Section IV.

II. SIMPLIFIED RCN: THEORY

The simplified RCN does not require chamber

pre-characterization, in which the transfer function, Gref,

and the NF of the chamber are determined with a vector

network analyzer. Instead, we use a calibration antenna with

a known efficiency to estimate the noise-power level inside

the chamber. Since the power transfer through an RC is

constant when averaged over enough mode-stirring samples

(with some uncertainty due to a lack of spatial uniformity,

which is taken into account in the uncertainty analysis), this

can be used to extract the DUTs NF and gain, similar to [9].

The procedure is illustrated in Figs. 1 and 2.

The first measurement is a calibration measurement

to determine the hot and cold noise-power levels in the

chamber, Phot and Pcold, respectively. This is needed for

the noise-temperature measurement in the RC. We use an

electronic noise source, which is a reversely biased diode and

can be turned on and off to create two noise power levels.

The noise source is connected to an amplifier and an antenna,

Antenna 1, as shown in Fig. 1. The noise from the noise

source is amplified to overcome the losses in the RC, and

Antenna 1 is used to transmit the noise power into the RC.

In the first calibration measurement, the DUT is placed inside

the RC, which is terminated with a 50Ω load. Additionally,

a calibration antenna, Antenna 2, with a known efficiency,

ηant,2, is placed in the chamber. The received power, Pm,

is measured using a spectrum analyzer, and averaged over

N mode-stirring samples, obtained by changing the position

equal contribution 
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Fig. 1. Schematic overview of the first calibration Measurement.

of the mode-stirring mechanisms. This is repeated for both

noise-power levels according to [11].

The noise temperature, Tmeas, and gain, Gmeas, of the

measurement system (the measurement system is illustrated in

Fig. 1), and the total efficiency of Antenna 2, ηant,2, should be

subtracted from the measured power, to obtain the noise-power

level at the aperture of Antenna 2, inside the chamber. The

total efficiency can be obtained in a separate measurement

campaign or by using a datasheet value, and Tmeas and

Gmeas are estimated using a second calibration measurement.

In that measurement, the noise source is connected to the

measurement system and a Y-factor measurement is performed

[9]. The hot and cold noise-power levels inside the chamber

can now be calculated using

Phot/cold =
〈Pm,hot/cold〉N
Gmeasηant,2

− kB

(
Tmeas

ηant,2

+ Tant,2

)
, (1)

where kB is Boltzmann constant, 〈Pm,hot/cold〉N is the measured

output power, averaged over N mode-stirring samples, when

the noise source is turned on and off, respectively, and Tant,2

is the noise temperature of the calibration antenna, and is

estimated using

Tant,2 =
1− ηant,2

ηant,2

Tph, (2)

where Tph is the physical temperature of the antenna.

After the two calibration steps, the DUT measurement can

be performed. The DUT is connected to the measurement

system and the calibration antenna is terminated with a 50Ω
load. The DUT and antennas remain in the chamber for all

measurements to keep a constant chamber transfer function.

Therefore, the noise power levels Phot and Pcold, at the input

of Antenna 2 will be the same as the noise power levels at the

input of the DUT. Next, the noise temperature, TDUT, and gain,

GDUT, of the DUT can be estimated using the same approach

as in [9]. The ratio Y = 〈Pm,hot〉N/〈Pm,cold〉N is used, where

Pm,hot and Pm,cold are the measured power levels during the
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Fig. 2. Schematic overview of the DUT Measurement.

DUT measurement, when the noise source is turned on and off,

respectively. With this power ratio, Y , the noise temperature

of the DUT can be estimated using

TDUT =
Phot − Y Pcold

kB(Y − 1)
− Tmeas

GDUT

. (3)

The gain of the DUT is calculated using

GDUT =
〈Pm,hot〉N − 〈Pm,cold〉N

Phot − Pcold

1

Gmeas

. (4)

Note that this method is independent of the chamber gain

and noise figure, and of the efficiency Antenna 1. Next,

we validate the simplified RCN method with measurements

including uncertainty.

III. MEASUREMENT SETUP, RESULTS, AND UNCERTAINTY

As an active DUT we used a standard-gain horn antenna,

connected to a 6 dB attenuator and an amplifier, as shown in

Fig. 3, similar to [9]. We used this device as a DUT, such that

we could use a reference measurement to compare the results

with, which was the same approach as the one presented in [9].

We compare the results of this new simplified method to the

results presented in [9] of the original RC noise figure (RCN)

method, and to a reference measurement. In that work, the

reference measurement for NF was obtained with a conducted

Y-Factor measurement of the LNA, where the NF of the

antenna was added using (2). The gain reference was obtained

with a three-antenna efficiency method [12]. It should be noted

that the DUT in this work used a waveguide-to-coaxial adapter

with horn antenna of the same type, but not the exact same

antenna-adapter combination as in [9]. The LNA used was the

same.

The measurement is performed in the frequency band from

24 to 28.5 GHz. We used a resolution bandwidth of 1 MHz and

a video bandwidth of 5 MHz. The dedicated mm-wave RC has

a size of approximately 0.5 x 0.6 x 0.8 m3, and the number of

mode-stirring samples, N , was 100, which is sufficient for this
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Fig. 4. Setup inside the RC.

application [9], [13]. The noise source we used had an excess

noise ratio of 12 dB, the amplifier at the transmitting side had a

gain of 40 dB, and the pre-amplifiers for the spectrum analyzer

also had a total gain of approximately 40 dB. The noise source,

amplifiers, power supplies, and spectrum analyzer are placed

outside of the chamber, and connected to the antennas and

DUT through a feedthrough panel. The complete setup is

shown in Fig. 4.

The setup used was similar to the one used to validate

the RCN presented in [9]. Therefore, many uncertainty

contributions stayed the same. The uncertainties of each

measurement are shown in Table 1. The uncertainty in the

Y-factor measurement of the measurement system was the

same as in [9]. Uncertainty contributions from the amplifiers,

cables, noise source, and spectrum analyzer are taken into

account here (2nd calibration measurement). Those same

uncertainties are also taken into account in the first calibration

measurement and the DUT measurement, with the addition

of the chamber lack of spatial uniformity. The simplified

RCN has no increased uncertainty due to the additional

assumption on having a calibration antenna with a known

efficiency, as the original RCN needed such an antenna as well.

Therefore, they both have the same uncertainty contribution

related to radiation efficiency. The simplified RCN does not

Table 1. Uncertainty of each measurement

Measurement Uncertainty

1st Calibration Meas: Phot/cold 0.13 dB

2nd Calibration Meas: NF 0.02 dB

2nd Calibration Meas: Gain 0.23 dB
Radiation Efficiency Calibration Antenna 1.39 %
DUT Measurement: NF 0.16 dB
DUT Measurement: Gain 0.20 dB

Fig. 5. Noise figure measured using the simplified RCN, compared with a
reference measurement and original RCN result from [9]

depend on a chamber-loss measurement, so it has one less

uncertainty contribution. This is a significant improvement,

since the chamber-loss measurement uncertainty can be in

the order of 0.5 dB [10], but this is heavily dependent on

the setup. We estimate the uncertainty of the final result

with a Monte-Carlo simulation, considering the uncertainty of

each separate measurement and using a 2.45 coverage factor,

comparable to [9].

The results of the measured noise figure and gain are shown

in Fig. 5 and 6, respectively, including error bars. It can be

seen that the uncertainty of the simplified RCN noise-figure

estimate overlaps with the reference and the original RCN

results, showing that there is no significant difference between

them. However, the simplified RCN gain result does not

overlap in two narrow parts of the band with the reference, and

the original RCN gain result is, overall, closer to the reference.

We expect that this is because a different horn antenna and

waveguide-to-coaxial adapter were used, as compared to the

reference and original RCN measurements in [9], as mentioned

in Section III. The expanded uncertainty in the original RCN

was 0.67 dB for NF an 1.00 dB for gain. For the simplified

RCN this is approximately 0.37 dB for NF and 0.75 dB for

gain, showing the reduction in uncertainty due to the need for

one less calibration step.

IV. CONCLUSION

We introduced a simplified version of the RCN method

for over-the-air noise-figure and gain measurements of

integrated devices. The simplification uses two instead of

three calibrations steps, which is achieved by having both the

calibration antenna and DUT inside the chamber. This omits

the need for a vector network analyzer in this method, and all

measurements can be performed using a spectrum analyzer.
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Fig. 6. Gain measured using the simplified RCN, compared with a reference
measurement and original RCN result from [9]

This reduced the expanded uncertainty in the noise-figure and

gain estimates by 0.3 dB and 0.25 dB, respectively, to 0.37 dB

and 0.75 dB. The measured results of the DUT are within

the uncertainty bounds of the reference value, and of the

original RCN result. The method is user-friendly, and can also

be applied in lower-frequency chambers, and for DUTs with

a lower noise figure. Additionally, since the (simplified) RC

estimates the NF and gain of the complete device, effects such

as noise matching are taken into account in the measurement.
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