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VSG and VSA: Fundamentals and Applications

 A Vector Signal Generator (VSG) is used to create complex modulated signals for

testing wireless systems.

 A Vector Signal Analyzer (VSA) captures and analyzes these signals to evaluate

system performance and validate designs.
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Trends in 

Wireless Comm. Systems

5G NR Bandwidth Configuration

https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions 

Wi-Fi 6/7 System Parameters

TS 38.101-2, V17.6

https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions
https://www.anritsu.com/zh-tw/test-measurement/solutions/wireless-lan/wi-fi-7?click-from-wireless-lan-solutions


Communication Signal Processing Lab .,YZU
SP Lab.

Detachable 3-layer Architecture of an SDR-based 

Signal Tester 
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Core 5G NR VSG/VSA Software

5G DL VSG 5G DL VSA

 5G NR FR1/FR2 UL/DL VSG

◼ 3GPP TS 38.211/212/213

 5G NR FR1/FR2 UL/DL VSA

◼ Design est./sync./eq. algorithms

◼ 3GPP TS 38.141-1/38.141-2/38.521-1/38.521-2
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5G NR Conformance Test Specification
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3GPP Specification Description

TS 38.141-1 Base station (BS) conformance specification (conductive)

TS 38.141-2 Base station (BS) conformance testing (OTA)

TS 38.521-1 User equipment (UE) conformance specification (conductive)

TS 38.521-2 User equipment (UE) conformance specification (OTA)

- 6 Transmitter characteristics

- 6.1 General

- 6.2 Transmitter power

- 6.3 Output power dynamics

- 6.4 Transmit signal quality

- 6.5 Output RF spectrum emissions

- 6.4.2 Transmit modulation quality

- 6.4.2.1 Error Vector Magnitude

  - 6.4.2.1a Error Vector Magnitude including symbols with transient period

  - 6.4.2.2 Carrier leakage

  - 6.4.2.3 In-band emissions

  - 6.4.2.4 EVM equalizer spectrum flatness

  - 6.4.2.5 EVM equalizer spectrum flatness for Pi/2 BPSK

  - 6.4.2.6 Phase continuity requirements for DMRS bundling

- 6.4 Transmit signal quality

  - 6.4.1 Frequency error

  - 6.4.2 Transmit modulation quality

  - 6.4A Transmit signal quality for CA

  - 6.4B Transmit signal quality for NR-DC

  - 6.4C Transmit signal quality for SUL

  - 6.4D Transmit signal quality for UL MIMO

  - 6.4E Transmit signal quality for V2X

  - 6.4F Transmit signal quality for shared spectrum channel access

  - 6.4G Transmit signal quality for Tx Diversity

  - 6.4H Transmit signal quality for CA with UL MIMO

- 6.5.2.2 Spectrum emission mask

- 6.5.2.4 Adjacent channel leakage ratio

ො𝒓𝑘
𝒔k

EVM % =

1
𝑁
σk=1
𝑁 ො𝒓𝑘 − 𝒔k

2

1
𝑁
σk=1
𝑁 𝒔𝑘

2

× 100
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CSP 5G NR VSA GUI
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Snapshot of failed EVM measurement
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CSP Wi-Fi VSG/VSA
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CSPLab Wi-Fi

VSG and VSA

USRP X410
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SDR: NI/Ettus USRP X410

RF capabilities

• 4 TX, 4 RX, independently tunable

• Superheterodyne architecture

• 1 MHz to 7.2 GHz, tunable up to 8 GHz

• Up to 400 MHz bandwidth per channel

5G NR Bandwidth ConfigurationWi-Fi 6/7 System Parameters
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Sampling Rate and Bandwidth Issue

 The sampling rate of a 5G NR FR2 400MHz bandwidth signal is 491.52MSps.

 To enable 4 TX and 4 RX channels on a USRP X410 operating at a sampling rate of 

491.52MSps, the interface must sustain a data rate of 125.82912 Gbps.

 Approach

◼ DPDK

13

Configuration Channels and Sampling Rates

Dual Port DPDK

4 Rx + 4 Tx @ 491.52 MS/s

4 Rx @ 491.52 MS/s

4 Tx @ 491.52 MS/s

*Port: 100GBE

*100GbE Streaming only supports Linux Hosts

https://kb.ettus.com/X410#100_Gigabit_Ethernet 

◼ RFNoC: Replay block

https://kb.ettus.com/X410#100_Gigabit_Ethernet
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USRP X410 FPGA Image Flavor: X4_400
|

_____________________________________________________

| /

| | RFNoC blocks on this device:

| |

| | * 0/Radio#0

| | * 0/Radio#1

| | * 0/Replay#0

| | * 0/Replay#1

|

_____________________________________________________

| /

| | Static connections on this device:

| |

| | * 0/SEP#0:0==>0/Radio#0:0

| | * 0/Radio#0:0==>0/SEP#0:0

| | * 0/SEP#1:0==>0/Radio#0:1

| | * 0/Radio#0:1==>0/SEP#1:0

| | * 0/SEP#2:0==>0/Radio#1:0

| | * 0/Radio#1:0==>0/SEP#2:0

| | * 0/SEP#3:0==>0/Radio#1:1

| | * 0/Radio#1:1==>0/SEP#3:0

| | * 0/SEP#4:0==>0/Replay#0:0

| | * 0/Replay#0:0==>0/SEP#4:0

| | * 0/SEP#5:0==>0/Replay#0:1

| | * 0/Replay#0:1==>0/SEP#5:0

| | * 0/SEP#6:0==>0/Replay#1:0

| | * 0/Replay#1:0==>0/SEP#6:0

| | * 0/SEP#7:0==>0/Replay#1:1

| | * 0/Replay#1:1==>0/SEP#7:0
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https://github.com/EttusResearch/uhd/blob/master/fpga/usrp3/top/x400/x410_X4_400_rfnoc_image_core.yml

uhd_usrp_probe result
 X4_400: 

400 MHz analog bandwidth per channel 

streaming to/from on-board DRAM 

using the RFNoC Record/Replay block.

 x410_X4_400_rfnoc_image_core.yml

# Replay Connections

  - { srcblk: ep4,      srcport: out0,     dstblk: replay0,  dstport: in_0    }

  - { srcblk: replay0,  srcport: out_0,    dstblk: ep4,      dstport: in0     }

  - { srcblk: ep5,      srcport: out0,     dstblk: replay0,  dstport: in_1    }

  - { srcblk: replay0,  srcport: out_1,    dstblk: ep5,      dstport: in0     }

  - { srcblk: ep6,      srcport: out0,     dstblk: replay1,  dstport: in_0    }

  - { srcblk: replay1,  srcport: out_0,    dstblk: ep6,      dstport: in0     }

  - { srcblk: ep7,      srcport: out0,     dstblk: replay1,  dstport: in_1    }

  - { srcblk: replay1,  srcport: out_1,    dstblk: ep7,      dstport: in0     }

replay0:

    block_desc: 'replay.yml'

    parameters:

      NUM_PORTS: 2

      MEM_DATA_W: 128

      MEM_ADDR_W: 32

replay1:

    block_desc: 'replay.yml'

    parameters:

      NUM_PORTS: 2

      MEM_DATA_W: 128

      MEM_ADDR_W: 32

FPGA image flavor: X4_400

Static connections in design

https://github.com/EttusResearch/uhd/blob/master/fpga/usrp3/top/x400/x410_X4_400_rfnoc_image_core.yml
https://github.com/EttusResearch/uhd/blob/master/fpga/usrp3/top/x400/x410_X4_400_rfnoc_image_core.yml
https://github.com/EttusResearch/uhd/blob/master/fpga/usrp3/top/x400/x410_X4_400_rfnoc_image_core.yml
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Extend X4_400 to Support 4TX and 4RX 

| _____________________________________________________

| /

| | RFNoC blocks on this device:

| |

| | * 0/Radio#0

| | * 0/Radio#1

| | * 0/Replay#0

| | * 0/Replay#1

| _____________________________________________________

| /

| | Static connections on this device:

| |

| | * 0/SEP#0:0==>0/Radio#0:0

| | * 0/Radio#0:0==>0/SEP#0:0

| | * 0/SEP#1:0==>0/Radio#0:1

| | * 0/Radio#0:1==>0/SEP#1:0

| | * 0/SEP#2:0==>0/Radio#1:0

| | * 0/Radio#1:0==>0/SEP#2:0

| | * 0/SEP#3:0==>0/Radio#1:1

| | * 0/Radio#1:1==>0/SEP#3:0

| | * 0/SEP#4:0==>0/Replay#0:0

| | * 0/Replay#0:0==>0/SEP#4:0

| | * 0/SEP#5:0==>0/Replay#0:1

| | * 0/Replay#0:1==>0/SEP#5:0

| | * 0/SEP#6:0==>0/Replay#0:2

| | * 0/Replay#0:2==>0/SEP#6:0

| | * 0/SEP#7:0==>0/Replay#0:3

| | * 0/Replay#0:3==>0/SEP#7:0

| | * 0/SEP#8:0==>0/Replay#1:0

| | * 0/Replay#1:0==>0/SEP#8:0

| | * 0/SEP#9:0==>0/Replay#1:1

| | * 0/Replay#1:1==>0/SEP#9:0

| | * 0/SEP#10:0==>0/Replay#1:2

| | * 0/Replay#1:2==>0/SEP#10:0

| | * 0/SEP#11:0==>0/Replay#1:3

| | * 0/Replay#1:3==>0/SEP#11:0
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uhd_usrp_probe result

Static connections in design

FPGA image flavor: X4_400

Static connections in design

For TX 4-channel

For RX 4-channel

FPGA:X4_400_2RB4CH
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Public Member Functions of Replay Block
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Control of Replay Block

Load file: 5gnr_fr2_400MHz_tm3p1a.sigmf-data
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SDR-Based VSG/VSA

Integration and Verification

Parameter Value Unit

FR 2 -

𝜇 3 -

SC Spacing 120 kHz

Cyclic Prefix Normal

Bandwidth 400 MHz

FFT Size 4096 -

No. of RB 264 -

No. Slot per

Subframe
8 -

No. Users 2 -

nRNTI

2: PRBs located in

PRB#0-2;

0: 0 for remaining PRBs

-

Sample Rate 491.52 MSps

Modulation 256 QAM -

Center Frequency 3.5 GHz
18

Power calibrated
 Parameter setting  Experimental setting

5G NR FR2 TM3.1a
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EVM Comparison 
Keysight 89600VSA and CSP 5G NR VSA

Figure. Equalized constellation diagrams on four 

independent channels using Keysight 89600 VSA

 

(a) CH1 

 

(b) CH2 

 

(c) CH3 

 

(d) CH4 

Figure XX. Equalized Constellation Diagrams for Four Channels Using Keysight 

89600 VSA 

 

 

(a) CH1 
 

(b) CH2 

 
(c) CH3 

 

(d) CH4 

Figure 錯誤! 所指定的樣式的文字不存在文件中。.1 Equalized constellation 

diagrams on four independent channels using CSP 5G NR VSA 

 

Figure. Equalized constellation diagrams on four 

independent channels using CSP 5G NR VSA

USRP X410

Keysight 

89600 VSA

CSP 

5G NR VSA

RX raw I/Q data
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EVM Comparison 
Keysight 89600VSA and CSP 5G NR VSA

Physical Channel/

Physical Signal

EVM (%rms)

CH1 CH2 CH3 CH4

K C K C K C K C

PDSCH0 0.97 1.00 0.99 0.93 0.93 0.86 0.99 1.03

PDSCH0 DMRS 1.04 0.95 1.01 0.91 0.96 0.84 1.03 0.98

PDSCH0 PTRS 0.89 0.92 0.92 0.93 0.85 0.85 0.93 0.96

PDSCH1 1.03 1.06 1.00 0.95 0.90 0.86 1.03 1.06

PDSCH1 DMRS 1.03 1.03 1.05 0.94 0.89 0.84 1.00 0.99

PDSCH1 PTRS 0.87 0.91 0.93 0.95 0.91 0.85 0.98 1.01

PDSCH2 0.95 0.95 0.92 0.81 0.84 0.73 0.88 0.95

PDSCH2 DMRS 0.96 0.99 0.92 0.92 0.84 0.82 0.88 1.01

PDSCH2 PTRS 0.89 0.85 0.91 0.90 0.86 0.83 0.88 0.91

PDSCH3 0.93 0.98 0.91 0.96 0.81 0.82 0.92 1.01

PDSCH3 DMRS 0.94 0.67 0.96 0.84 0.72 0.69 0.83 0.68

PDCCH0 0.96 0.83 0.91 0.82 0.80 0.73 0.87 0.84

PDCCH0 DMRS 0.97 0.75 0.89 0.76 0.78 0.69 0.84 0.76

 Test results

EVM: -40dB=1%



Communication Signal Processing Lab .,YZU
SP Lab.

EVM for 5G NR 100 MHz BW Case in USRP X410 

Loopback Test

EVM: -43dB~=0.7%
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5G FR2

DUT OTA Testing

Means. Keysight CSP

PUSCH (%) 3.721 3.95

PUSCH DMRS (%) 2.971 2.96

Avg. EVM (%) 3.639 3.45

IQ offset (dB) -30.037 N/A

Freq. error (Hz) -5424 -5289

SCO (ppm) -0.067 -0.03

Parameters Setting

Center Freq. 26.566 GHz

OFDM CP-OFDM

BW (MHz) 100

SCS (kHz) 120

Mod. QPSK

DMRS Config. Type 1

Type A pos 2

DMRS Addpos. 2

CDM group 2

Keysight 89600 CSP 

mmW Freq.

converter
USRP X410

5G FR2

Cellphone
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Summary

23

 SDR-Based VSG/VSA

 Three-Detachable Layer Architecture

◼ Designed and developed software for 5G NR and Wi-Fi ax VSG/VSA

◼ Achieved 400MHz signal bandwidth transmission and reception across four channels on a USRP 

X410 through RFNoC replay blocks

◼ Calibrated power to ensure consistent performance across all channels

 Results

◼ Measured EVM values: -40dB for 400MHz bandwidth and -43dB for 100MHz bandwidth

◼ Conducted over-the-air testing with a 5G FR2 mmWave cellphone

 Future Directions

◼ Enhance VSA capture and analysis speed

◼ Integrate AI-assisted measurement, diagnostics, and testing
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